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ABSTRACT. Recent advances in NMR methodology have enabled the structural analysis of proteins at
temperatures far below the freezing point of water, thus opening a window to the cold denaturation process.
Although the phenomenon of cold denaturation has been known since the mid-1970s, the freezing point
of water has prevented detailed and structurally resolved studies without application of additional significant
perturbations of the protein ensemble. As a result, the cold-denatured state and the process of cold
denaturation have gone largely unstudied. Here, the structural and thermodynamic basis of cold denaturation
is explored with emphasis placed on the insights that are uniquely ascertained from low-temperature studies.
It is shown that the noncooperative cold-induced unfolding of protein results in the population of partially
folded states that cannot be accessed by other techniques. The structurally resolved view of the cold
denaturation process therefore can provide direct access to the cooperative substructures within the protein
molecule and provide an unprecedented structurally resolved picture of the states that comprise the native
state ensemble.

The protein folding equilibrium is often described as a state processl(2). Although the two-state view of proteins
two-state process in which the folded native state is in persists, it does not reflect the situation under strongly native
equilibrium with an unfolded or denatured state. This conditions, where both hydrogen exchange10) and NMR
depiction arose out of early protein folding studies in which relaxation (1—13) studies reveal significant conformational
temperature was used to promote the structural transitionheterogeneity. Such studies indicate that under native condi-
from the native state to the thermally denatured or heat- tions, a protein has access to a remarkably rich conforma-
denatured state, and it was well-established that the transitiontional manifold and that excursions across this manifold are
could be empirically described in terms of a simple two- important for a range of biological functions, particularly
for establishing a basis for catalysis and site-to-site com-
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protein, as well as a corresponding structure-based thermo-+the challenges associated with characterizing protein fluctua-
dynamic description that can relate the measured propertiegions and evaluating their impact on function.
with the individual conformations, represents a cornerstone

to a quantitative thermodynamic understanding of the native Connecting Cold Denaturation to the Nati State
state ensemble. Ensemble Using Hierarchical Protein Models

Recently, we took advantage of the seemingly unrelated To understand the difference between the information that
phenomena of cold denaturation to provide a comprehensiveis obtained from cold versus thermal denaturation studies,
and structurally resolved picture of the energy landscape ofwe employ a hierarchical model of proteins described
ubiquitin (14). The unique insights provided by cold dena- previously by Brandts and Lirl{), Murphy and FreireX8),
turation stem from the GibbsHelmholtz equation describing  and Hilser et al. 19). Within the context of this construct, a
the temperature dependence of a thermodynamic equilibrium.protein can be considered as being composed of any number
From the formal definitions of the temperature dependence of independent structural units or domains, which can interact

of the changes in system enthalpyH) and entropy AS): with one another (Table 1). The simplest situation is a two-
domain protein, wherein each domain can unfold in a manner
AH(T) = AH(T,.) + IAC dT (1) independent of one another, but which can also interact

re p

through a hypothetical common surface. This model is
considered hierarchical because the overall behavior of the
protein is dependent on the energetics of the individual
AC domains as well as the interactipn energy betwee_n them. As
AS(T) = AST,) + f Tp daT (2) demonstrated below, the transition from the native Fo the
fully unfolded state can range from entirely cooperative to
entirely noncooperative, proceeding through the accumulation

a familiar form of the GibbsHelmholtz expression can be  f jntermediate states in which one domain is folded and
obtained through integration, with the assumption of a {ne other is unfolded.

and

temperature-independent change in heat capatiBy)(and Dissection of the two-domain protein reveals the origins
substitution of a common reference temperatlig)( of cooperativity. There are four states accessible to the
system, including two possible intermediates (Table 1).

AG(T) = AH(T,g) + ACL(T = T — TIAT ) + Differences in the cooperativity of unfolding arise because
AC, In(TITe] (3) the free energy of each state is comprised of the intrinsic

stabilities of the individual domains (i.eAG; andAG;) as
well as the interaction energies between them (A@in).
The corresponding partition function for this syste@,
which is simply the sum of the statistical weights of the
accessible states accessible, is

As is well-known, positive values oAC, produce a
curvature in the free energy function, which leads to a distinct
maximum of the free energy profile for each state; the high
heat capacity of unfolded states relative to more folded ones
thus promotes a transition to these states at both high and Q=1+ Kyp + Kyp + K;Kypp (4)
low temperatures. Interestingly, however, cold denaturation
does not occur in the cooperative fashion that characterizesyherek; = exp(~-AGy/RT), Kz = exp(~AG,/RT), and¢p =
the thermal denaturation process. Instead, cold denaturationsyp(—Ag,,/RT). Cooperativity in this system arises as a result
is noncooperativel, 16), and as we will show, a structurally  of the interaction parameter between the domapnsn the
resolved view of the states that become populated duringcase wherep = 1 (i.e., Agny = 0), there is no interaction

the cold denaturation process provides an unparalleled glancgng the partition function reduces to that for two independent
at the structural features of the conformational fluctuations gomains. In other words, the energy of unfolding both
that dominate the native state ensemble. domains is simply the sum of unfolding energies of the
Here we investigate the unique structural and thermody- individual domains, and the stability of one domain is
namic information that may be obtained about the native stateuncoupled from the stability of the other. Thus, from a
ensemble from the process of cold denaturation. We startmathematical perspective, cooperativity arises whgp =
with a phenomenological investigation of the origins of 0. In such a case, the degree of cooperativity will be
cooperativity for protein foldingrunfolding processes, using determined by the relative magnitude of the three parameters
a simple hierarchical cooperative model. This model dem- in eq 4. WhenAgi, is large and positive, disrupting the
onstrates the origins of noncooperative cold denaturation andinteraction between the two domains is relatively unfavorable
cooperative heat denaturation. Next, we show how the (see Figure 1). As a result, the native structure will remain
experimentally observed cold denaturation of ubiquitin intact until such conditions of temperature (or pH, denaturant
provides unique insights about the nature of the partially concentration, etc.) where the combined intrinsic instabilities
folded states in a protein’s conformational manifold. Finally, of both domains overcome the unfavorable energy involved
we show that a structure-based ensemble model, in whichin breaking the interaction between subunits. That is, when
the conformational excursions are modeled in a manner Agix is large, the interaction will not be disrupted until such
consistent with the experimentally observed features, predictsconditions where thé\G for the domains is equally large
the experimentally observed noncooperative cold denatur-and negative. Since this means, by definition, that the
ation, as well as the structural features of the cold-denaturedindividual units are unstable, the intermediates depicted in
states. The self-consistent view of the native state ensembleTable 1 will not be populated to a significant extent during
that emerges from this analysis provides unique insights intothe transition. Under these conditions, the native and
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Ficure 1: Simulated temperature dependence of the two subglobal unit system, as defined in Table 1. Each subglobal unit was given the
intrinsic thermodynamic parameters of a typical globular prot28). (All simulations used the followingAH®(60 °C) =

100 kcal/mol,AS’(60 °C) = andAC,® = AC,1 = AC,, = 2 kcal K™ mol~L. The interaction energy
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between the subglobal unitdgi, was modeled as (A) a temperature-independent value of 0 kcal/mol, (B) a temperature-independent
value of 10 kcal/mol, and (C) a temperature-dependent value calculated fAd}&60 °C) of 1 kcal/mol, aAS,(60 °C) of —20 cal K™%
mol~t, and aAC,in; of 0.5 kcal Kt mol~* using the relatiom\gin(T) = AHin(T) — TASn(T). Shown for each group (AC) are the relative
free energyAG, of the system and the relative probability of each state.

Table 1: Schematic Representation of the States, Relative Free

Energies, and Statistical Weights for a Two-Subglobal Unit Protein

State Free Energy Statistical Weight
& 1
éb AG, +Ag,, K0
% AG, +Ag;, K,0
é% AG, + AG, + Ag;, K,K,¢

unfolding cooperativity arise from conditions in whiggjn;
is relatively small compared to the intrinsic stability of one
or both domains.

In Figure 1, quantitative simulations have been performed
to demonstrate the relationships described above for the two-
domain system. In these simulations, a range of interaction
free energies/Agin;) were applied, keeping the intrinsic free
energy of each subdomain constah&(, whereAG® = AG;
= AGy). Importantly, when the thermodynamic parameters
for Agint Were set to values consistent with the nonspecific
burial of hydrophobic surface upon interaction between the
two subglobal unitsZ0), the temperature dependence\of;
is observed to vary such that the interaction between the two

completely unfolded states are the only thermodynamically domains is favorable at high temperatures yet unfavorable
relevant states, and the transition will be highly cooperative at low temperatures. This temperature dependence of the
(i.e., two-state). Similarly, intermediate levels of folding

interaction energy, which can be inferred directly from
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Table 2. Schematic Representation of the States, Relative Free system to real proteins is more_ grounded if realistic \_/alues
Energies, and Statistical Weights for a Four-Subglobal Unit Protein ~ are US.Gd for the thermOdyn{im'C pa_rameters governing Fhe
intrinsic stabilities and the interaction energies. For this

State Free Energy Statistical Weight reason, thermodynamic values were used that were derived
from the experimentally observed unfolding of isolated
N 0 1 helices and entire protein&(, 22—25), as described in the
legend of Figure 2. In essence, the model can be considered
! AG"+24g;y 2Ky a low-resolution depiction of a four-helix bundle protein,
wherein the behavior of each state can be considered
2 AG®+ 2agim +"5gclosc 2K°¢2¢c105¢: exp“Cltly

From the parameters described above, the temperature
dependence of the interaction energy tem,, for the four-
domain model protein can be calculated (Figure 2A). As
expected for a predominantly hydrophobic interaction, a low
temperature makes it favorable to break the interactions
between different units (i.e., helices) while a high temperature
renders it unfavorable. Additionally, at73 °C, the free
NG +aAg, + Agy.| 4KV, energy for unfolding into the fully unfolded state (state
“Unf") is zero. As there are no stable intermediates within
this temperature region, the unfolding transition is highly
4AG® + 4Ag,, + A, K™% cooperative (Figure 2C). Second,a40 °C, the free energy
profiles of the fully unfolded state and the intermediate states

2 Each subunit has an intrinsic stability 6iG° and interacts with (states +6) cross, the Unf state being more stable at high
neighboring subunits through the interaction eneriy,, andthe two  temperatures and the intermediates being more stable at low
end subunits (units 1 and 4) interact with adqmonal entropy derlyed temperatures. Although this behavior is a function of the
closure energyAgeose representing loop formation. Unfolded subunits . . . .
are represented as blue circles, whereas the white circles represent théelat've er_wergetlc pa_ra_me_ters _Of each state, this bfifs'c trend
folded subunits. is not subject to the limitations imposed by the specific four-
domain model used here. As discussed above, the magnitude
of AC, for a particular state determines the degree of

cooperative heat denaturation and noncooperative COldcurvature of the free energy profile. The bulk of the positive

denaturation. Thus, the very simple hierarchical model AG, of unfolding is due to hydrating apolar surface that is

. . o . buried in the native state. Thus, states which retain more
described here provides a means of reconciling the experi-.

; : I intramolecular interactions at the expense of solvent contacts
mentally observed differences in the cooperativity between

thermal and cold denaturation, as well as providing a give smaller values fonC, and exhibit a more shallow

I . curvature of the free energy profile. Such states belong to a
mechanistic reason for the observed differences. . d . .
class of compact intermediates in which the least amount of

unfolding occurs; that is, this class of compact intermediate
Extending the Hierarchical Model To destigate the would be thermodynamically (and possibly structurally)
Nature of Cold-Induced Intermediates similar to the native state with respect to the number of
intramolecular contacts. Due to the shape and position of

The hierarchical model can be extended to any numberthe free energy profile, these states are the first to become
of domains or independently folding elements. In an effort populated at low-temperature transitions (i.e., states 1 and 2
to illuminate potentially more subtle trends and to provide as defined in Table 2). Transitions to intermediate states
insight into the cold-denatured intermediates, the model wasexhibiting still fewer intramolecular interactions occur at
extended to include four interacting units. This slightly more lower temperatures as determined by the increased curvature
complex system is sufficiently large to convey additional of their free energy profiles.
phenomena yet small enough to consider each state explicitly With regard to the high-temperature transition, as no other
without becoming intractable. For this model, the four states are significantly populated, information about states
subunits (domains) each have an intrinsic statistical weight, other than the native and fully unfolded states cannot be
K°, and are considered to be ordered sequentially in a chainextracted from high-temperature unfolding experiments. The
(Table 2). Each subunit interacts with its neighboring thermodynamic parameters obtained from fitting of the
subunits through the parametgrand the two end subunits  excess heat capacity data to a two-state model would provide
interact with an additional entropy term for closing the chain accurate values for complete unfolding. However, the fitted
into a loop. The relative free energies and the statistical two-state parameters would suggest that the native state is
weights of each state are listed in Table 2. To distinguish stable by~11 kcal/mol over the denatured state when the
different classes of intermediates, all states that are energetifree energy is extrapolated back to 25 (not shown). In
cally equivalent were grouped. fact, the native state is onky7 kcal/mol more stable than

Like the two-domain model described above, the four- the nearest intermediate at this temperature (Figure 2A). If
domain model affords the exploration of the entire parameter this hypothetical scenario represented a real protein, these
space of intrinsic and interaction energies in which the choice intermediates would be the ones accessed through hydrogen
of parameter values is, in principle, completely arbitrary. exchange measurements, and they would likely be the states
However, an attempt to extrapolate the results of the modelmost relevant to understanding biological function. This
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Ficure 2: Simulated temperature dependence of the four subglobal unit system, as defined in Table 2. Each subglobal unit was modeled
as a 20-residue helix and given the following intrinsic thermodynamic parameit8(25 °C) = 22 kcal/mol,AS’(25 °C) = 90 cal K!

mol~%, andAC,° = 0 cal K"t mol~. These parameter values were based upon the experimentally observed values measured for the leucine
zipper protein GCN420), for polyalanine helical peptide22), and for poly(-lysine) helical peptide2@), as well as the entropy of helix
unfolding which is known to be between 4.0 and 5.5 cal Kol residue? (24, 25). The interaction energy between the subglobal units,

Agint, Was calculated from &Hin(25 °C) of —6 kcal/mol, aASn(25 °C) of —50 cal K2 mol~1, and aAC,;n: of 200 cal K* mol~* and

is also based upon a previous structural thermodynamic parametrization of QONZ ¢ simulate the entropic cost of loop closure, the
terminal units were assigned the following additional interaction paramefegi,se= 0 kcal/mol,AS;0sd25 °C) = 16 cal Kt mol~?, and

AC;c0se = 0 cal K~ mol~1 (which is the conformational entropy of freezing four residu@d) 25, 37). Shown in panel A is the relative

stability of the various system states. TA& of the native stateAGy) is shown as a black line, that of the unfolded stat&) as a red

line, the intrinsic stability of each subuniAG®) as a green line, and th&G of interaction between each subunigi,;) as a magneta line.

Data for states 2 and 5 are depicted with blue and yellow lines, respectively. The data for remaining states defined in Table 2 are depicted
with gray lines. Shown in panel B are the relative probabilities of the system states and in panel C the simulated change in system heat
capacity,[AC,LI The cooperativity ratidAHyn/AHc, refers to the high-temperature peak, determined as described 2n ref

difference in free energy between an intermediate state andin Figure 2 demonstrate that (1) cold denaturation occurs at
the unfolded state corresponds to an equilibrium situation temperatures much higher than those predicted by a two-
in which only one of every 1000 denatured (i.e., non-native) state model, (2) the transition is not cooperative (see Figure
molecules is completely unfolded, while the remaining 2C), and (3) the final denatured state at a low temperature
denatured molecules populate “compact intermediate” statesdoes not correspond to the final denatured state at a high
This simple example highlights the fact that classic high- temperature.

temperature unfolding experiments can provide very little |t js important to stress that while the parameter values
insight into the states that are accessed by hydrogenchosen for the intrinsic stabilities and interaction terms for
exchange. the four-subglobal unit system were obtained from a
An additional and nontrivial consequence of fitting the structural thermodynamic analysis of a real protein [i.e., the
high-temperature transition to a two-state model is that it GCN4 leucine zipper peptidQ)], the results of the model
will predict a cooperative cold denaturation transition at the do not depend on the structural basis of these values. Using
temperature where th&G for the Unf state is zero (i.e., ca. more general thermodynamic parameters, such as those used
—125°C). The existence of the intermediate states, however, for the two-domain system [i.eAH°, AS’, andAC,° values
dramatically affects the expected behavior. The simulations more typical of globular protein®26) rather than of a helical
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coiled coil], produces the same qualitative features of a and correspondingly shorter spiapin relaxation timesTp).
cooperative denaturation at high temperatures and a noncoShort T, values severely limit the power and flexibility of

operative unfolding of the protein at low temperatures. multiple-pulse NMR experiments in at least two ways. The
. signal-to-noise ratio of a Lorentzian line rapidly degrades
Importance of the Cold-Denatured Intermediates with a decrease ifl,, and the effectiveness of the currently

available library of multidimensional and multinuclear NMR
experiments begins to fail ak approaches the inverse of
the coupling constant responsible for coherence transfer.

there is no correlation between the cooperative behaviorThese condjtions prevail at the. low temperatures requi_red
observed during heat and cold denaturation. A transition thatfor observation of cold denaturation of stable native proteins.
is highly cooperative during heat denaturation may or may Historically, destabilizing perturbations such as mutations,
not unfold cooperatively during cold denaturation. Several chemical denaturants, and hydrostatic pressure have been
general trends, however, do emerge from this analysis. First,employed to promote cold denaturation at higher tempera-
cooperativity arises when breaking the interactions betweentures and, in the case of pressure, to lower the freezing point
subglobal groups is so unfavorable that only the combined of water itself 28). However, these adjunct perturbations
instability of all the subglobal units is sufficient to overcome tend to distort the energy landscape of the native state and
the stability conferred by the total of all interactions between can potentially obscure features unique to cold denaturation
groups. This observation provides important insight from a by compressing the free energy range between the native
mechanistic point of view. The classical view is that and non-native states. This can be seen by comparing the
denaturation of a protein involves destabilization of the experimentally observed dependence of the apparent free
hydrophobic protein core (i.e., decreasing the interaction energy for unfolding of the subglobal cooperative units of
energies through which smaller structures interact). The apocytochroméss, on the destabilizing effects of chemical
hierarchical model suggests, however, that cooperativedenaturant and hydrostatic pressu8e9). Apocytochrome
unfolding occurs only when the interaction energies between bsg, is a small four-helix bundle proteir29) that has the
units are comparatively high. In fact, according to the thermodynamic signature of the protein molten globule, a
parameters used for Figures 1 and 2, the interaction energysmall change in heat capacity upon unfolding. In an effort
can even increase through the transition region. Hence,to understand the energetic origin of its unusual structure,
cooperative unfolding results from a destabilization of the native state hydrogen exchange was carried out as a function
subglobal units. If parameter values are chosen so that theof chemical denaturan®) and hydrostatic pressurg)( The
protein is unfolded through destabilization of the interactions cooperative substructures of the protein revealed by the two
between subglobal units (i.e., decreashuy,) intermediates  types of perturbation were the same, leading to the conclusion
accumulate due to the fact thaG* is relatively small, and  that they dominate the energy landscape of this protein. These
the transition exhibits only marginal cooperativity. results also illustrate the difficulties that can be introduced
Second, the states that are populated during cold denadinto studies seeking to illuminate cooperative units of
turation are thermodynamically relevant to an understanding structure by the simultaneous application of different types
of the native state ensemble. This point is most clearly of structural perturbation that destabilize the native state. In
demonstrated in Figure 2A. Under conditions of maximum the case of apocytochrorbes,, application of pressure tends
stability of the native state (relative to the U state), many of to compress the free energy range between the same units
the possible intermediate states are lower in energy than theof cooperative structure that are revealed by a chemical
completely unfolded state. As such, these are the states thatienaturant. This makes resolution of the individual structural
would be accessed through hydrogen exchange experimentsynits problematic in much the same way that heat denatur-
and it is an understanding of these states that would provideation can mask non-two-state unfolding behavior.
insight into the energy Ia_ndscape of functional pro_teins. Thus, |y an effort to escape these limitations, we employed a
a strgcturally resolved view of the cold_denaturatlon Process echnology that was originally introduced to alleviate the
provides an unprecedented opportunity to characterize thegigiicylties in solution NMR spectroscopy introduced by slow
dominant conformations in the native state ensemble. molecular tumbling of large proteins. To avoid many of the
technical issues of working in highly viscous or frozen
solutions at low temperatures and to avoid compromising
the clarity of the cold denaturation process by use of adjunct
The detailed examination of the structural transitions perturbations, we have turned to a novel sample preparation
underlying cold-induced denaturation would seem most that preserves native-like solution conditions while allowing
suited for solution NMR methods. Unfortunately, charac- high-resolution NMR spectroscopy to be carried out at very
terization of protein cold denaturation by solution NMR low temperatures. This is achieved by encapsulating the
methods is frustrated by the fact that the properties of proteinsprotein of interest in the protective aqueous environment of
are such that cold denaturation occurs below the freezinga reverse micelle and dissolving the entire particle in a low-
point of water. Catastrophic freezing of protein solutions can viscosity solvent such as liquid propane or ethe8@-32).
be avoided to temperatures as low-a20 °C with careful Preparations of encapsulated proteins dissolved in short chain
supercooling of small sample volumeX). This is predicted, alkane solvents are stable to temperatures as low4&s’C
however, to be insufficiently cold to induce denaturation in (14, 33), just within reach of the range anticipated to be
stable, native proteins. In addition, the high viscosity of water required for observation of significant cold-induced structural
at these temperatures results in significantly slower tumbling transitions.

Inspection of the results of simulations of various models
with different configurations (i.e., the numbers of subglobal
units, the number of interactions per unit, etc.) reveals that

Experimental Access to Cold Denaturation by Solution
NMR Spectroscopy
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Comparison of spectra of encapsulated proteins and their
spectra in free aqueous solution indicates that encapsulation
conditions can usually be found that result in the maintenance
of native structure30, 33—35). In the one case examined
in detall thus far, the structure of encapsulated ubiquitin was
found to be remarkably similar to both the free solution and
crystalline states of the protei3§).

The confinement of a protein within the protective shell
of a reverse micelle is not without thermodynamic conse-
quences, particularly with respect to stability. Indeed, it has
long been appreciated that placement of a protein within a
restraining cage will suppress population of more extensive
states 87). However, for realistic dimensions, confinement
will result in the separation rather than the collapse of the
free energy manifold of states. This means that the resolution
of states will not be degraded by encapsulation, in contrast
to the effects of using hydrostatic pressure or a chemical
denaturant to promote cold-induced structural transitions.
Furthermore, a simple test for ancillary effects arising from
confinement can be made by simply varying the inner volume
of the reverse micelle particld4). In a similar vein, careful
variation of the nature of the buffer (pH and ionic strength)
and reverse micelle surfactant mixture relieves the concern
about significant perturbation of the protein ensemble by
protein—surfactant interactionsld, 38).

Cold-induced denaturation of encapsulated ubiquitin has
been found to be highly noncooperative and a strictly
reversible processld). The use of low-viscosity solvents
such as pentane allows for the use of high-resolution solution
NMR methods and affords highly detailed insight into the
structural transitions that underlie cold-induced denaturation.
The cold denaturation of ubiquitin occurs in a broad
temperature range betweer20 and—35 °C. Only subtle
(though interesting) effects are seen as the temperature idiGURE 3: Summary of the progressive noncooperative cold-
reduced from room temperature €10 °C. Between—10 induced structural transitions of ubiquitin observed by heteronuclear

o . NMR spectroscopyld). Shown is a ribbon representation of the
and—35°C, both'*N and**C HSQC spectra display loss of  p5cuhone structure of encapsulated ubiquig)( Regions with

selective cross-peaks, consistent with these sites being in slowamide NH and GH resonance chemical shifts of the native structure
exchange with non-native structures on the NMR chemical that have significant intensity are colored green. Those NH sites
shift time scale (from~10 to 13 s72). Interestingly, no new  that are reduced to less than 5% of their initial intensity-26
cross-peaks are observed, which implies that many non-2"d —30 °C are colored yellow and red, respectively. Spheres

: . representing each methyl group in the protein are similarly colored.
native "‘structures" are populated and are not averaged into &esyits obtained at pH values above (top) and below (bottom) the
single “unfolded” species. This is not surprising, given the isoelectric point of the protein (pi 6.8) are summarized and
low temperature and corresponding small thermal energy indicate that chargecharge interactions between the anionic head
available to the destabilized polypeptide chain. All cross- groups of the surfactant have little influence on the cold-induced
peaks are reduced in intensity, and those peaks that retair§tructural transitions. See also the work of Pometun et38). (
significant intensity do not change their chemical shifts ) ) o )
appreciably. This is an important observation. It should be Putting them in a quantitative framework requires a more
noted that the chemical shift and line width of the encap- 9eneral treatment of the manifold of states.

sulated water resonance indicate that the water remains quuidDissecting the Cold Denaturation of Ubiquitin Using

th_roughout: _Progre_sswe rather than a single glo_ba_llly COOper'COREX, a Structure-Based Model of Conformational
ative transition is indicated. A deeper appreciation of the : : .
Fluctuations in Proteins

structural nature of the cold-induced changes in ubiquitin is

revealed in Figure 3 which clearly indicates that the structural  In studying the nature and energetics of protein structural
perturbations induced by low temperatures are not randomlyfluctuations, Hilser and Friere89) developed the COREX
distributed but are strikingly clustered to form a contiguous algorithm to model the native state as an ensemble of
structural unit. This view is most consistent with the partially folded conformations (microstates), each of which
penetration of water into a loosely packed but topologically is derived from the high-resolution structure of the native
compact region of the structure rather than the more state and constructed to possess a dual struettiraimo-
extensively unfolded polypeptide chain associated with dynamic character. In brief, the structure for each microstate
thermally induced unfolding. Qualitatively, these observa- is generated by treating local fluctuations as local foleling
tions are largely what one would anticipate on the basis of unfolding reactions that occur in an otherwise folded and
the statistical thermodynamic treatment outlined above. nativelike protein. This algorithm generates a large number
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Ficure 4. (A) Conformational ensemble of ubiquitin as modeled by the COREX algorithm. Shown are the 12 microstat&& toftal

states in the ubiquitin ensemble) calculated to have the highest probabilities under native conditions. The aggregate sum of the probabilities
for these 12 states accounts for 99% of the partition function calculated for ubiquitin [the partition function is defined as the total sum of
the statistical weights@ = %K;)]. Each microstate exhibits a “dual” structural character and consists of a mixture of regions that are
considered to be nativelike (red) and regions that are treated thermodynamically as unfolded (yellow). (B) Time-averaged representation of
the ubiquitin ensemble. Residues are color-coded according to the ratio of the summed probability of all states in which a particular residue
is folded to the summed probability of all states in which that same residue is unfolded4rigtis (ZiPs;)/(ZiPuni;) for each residug¢and

overall states]. Residues colored red are stable and fluctuate the least, whereas residues colored yellow fluctuate the most. Molecular
diagrams in this figure were made using PyMé8),

of different microstates through the combinatorial unfolding
of a set of predefined folding units. By means of an
incremental shift in the boundaries of the folding units, an
exhaustive enumeration of partially unfolded states is
achieved for a given folding unit size.

The probability of each microstate is estimated using a
structure-based calculation with a parametrized energy func-
tion that has been calibrated previously and tested extensively
(21, 26, 40—46) (see Appendix). Once the free energies are
known, the probability of each state in the ensemble can be 80 400 40 80 120 160
determined from the Boltzmann relationship: Temperature (°C)

K

-
=]

60-100% Unf

0.8
30-60%

0.6

Unf
0.4 "

30
0.2 0-30%

Summed Probability

0.0

Ficure 5: Effects of temperature on the ubiquitin ensemble. The
i ensemble was subdivided on the basis of the amounts of native
=— (5) structure: the fully unfolded state (red), states between 0 and 30%
K native structure (blue), states between 30 and 60% native structure
Iz i (magenta), and all states between 60 and 100% native structure
(green).

P.

where the statistical weight of each staig) (s determined
by the relative Gibbs free energi[= exp(—~AG/RT), where
Ris the gas constant afdis the absolute temperature] and
the summation is over all statesn the ensemble.

Given the probabilities of all states, it is then straightfor-
ward to compute the relative stability of the different regions
of the protein. Within COREX, this is facilitated using a  The effect of temperature on the distribution of states in

only the average behavior at each residue and little informa-
tion about the states themselves.

Simulation of the Cold Denaturation of Ubiquitin by
COREX

quantity described as the residue stability constant: the ubiquitin ensemble can be seen in Figure 5 where the
various microstates were grouped according to fraction

sz,j folded. The fraction folded is the ratio of folded residues in

Kij = (6) each microstate to the total number of residues of ubiquitin.

anfj Of significance is the fact that the COREX algorithm predicts

divergent behavior for cold- versus heat-induced unfolding
where the numerator is the summed probability of all states of ubiquitin. Thermal denaturation of ubiquitin at high
in the ensemble in which a residue is folded and the temperatures is calculated to proceed in a cooperative
denominator is the summed probability of all states in which manner, with the transition dominated by the fully folded
a residue is unfolded3@). Using this approach, the low- native state and the fully unfolded denatured state, with no
energy states in the ubiquitin ensemble (Figure 4A) can be significant population of structural intermediates throughout
mapped onto the high-resolution structure, providing a single- the transition. This highly cooperative, heat-induced unfold-
molecule representation of the conformational fluctuations ing behavior calculated for ubiquitin is consistent with what
(Figure 4B). It is important to note, however, that this iS observed experimentally7).
representation, which is tantamount to mapping the hydrogen In contrast, ubiquitin at low temperatures is predicted to
exchange rates of each residue onto the structure, providesindergo a transition in which intermediate states are sig-



Current Topics Biochemistry, Vol. 45, No. 34, 20060171

A

Ficure 6: (A) Twelve most probable states of the ubiquitin ensemble under low-temperature conditions. The aggregate sum of the probabilities
for these 12 states accounts fe80% of the partition function calculated for ubiquitin-a70 °C. (B) Time-averaged representation of the
ubiquitin ensemble at low temperatures. All structures are colored according to the same protocol given in Figure 4. Molecular diagrams
in this figure were made using PyMotg).

nificantly populated. Furthermore, these states are predictedbe noncooperative. The results of applying the COREX
to be persistent and stable. The calculated effect of temper-algorithm to multiple protein folds further support this notion.
ature on the ubiquitin ensemble by the COREX algorithm Shown in panels A and B of Figure 7 are the results of
is in qualitative agreement with the unfolding behavior simulating the cold denaturation of cytochronteand
predicted by the hierarchical model presented above, namely staphylococcal nuclease (SNase), respectively. The COREX
that cooperative thermal denaturation and noncooperativesimulations predict the heat-induced unfolding of both
cold denaturation are observed. proteins to occur in a more or less globally cooperative
The 12 structural thermodynamic states of ubiquitin that manner but to significantly populate partially unfolded states
possess the greatest probability under native conditions areduring cold denaturation. In the case of the cytochrame
shown in Figure 4A. For comparison, the 12 most probable ensemble, states that have residue43 and 86-93 folded
states populated at low temperatures are shown in Figureare favored at low temperatures (Figure 7C). For SNase, it
6A. The dominant state at high temperatures is the fully is the two C-terminal helices that are predicted to remain
unfolded state, which is populated by a factor of d@er folded at temperatures below the cold-induced structural
any other member of the ensemble. In other words, the transition.
ensemble at high temperatures can be approximated well by .
only the fully unfolded state. As can be seen in Figure 6A, Conclusions
however, cold-induced denaturation of the ubiquitin ensemble Recent NMR results demonstrate that reversible cold
consists primarily of unfolding of thes-sheet domain,  denaturation can provide access to the cooperative substruc-
whereas the majoa-helix region, including the loops on tures of proteins 14). Theoretical modeling of the cold
either side of the helix, remains folded in its nativelike denaturation process reveals the thermodynamic nature of
structure. The smallen@helix in ubiquitin is also populated  low-temperature states. These states correspond to folded
to a non-negligible amount at low temperatures. This is cooperative substructures of proteins that are approximated
shown more clearly in Figure 6B, where a cartoon of the as cooperative units. Because of the thermodynamics as-
ubiquitin structure is color-coded according to the probability sociated with exposing hydrophobic surface, these subglobal
that a given residue is folded in the cold-denatured ensemble.units of protein structure do not behave independently at high
As in Figure 6A, it is apparent that the majorhelix of temperatures. Instead, they become energetically coupled,
ubiquitin remains folded at low temperatures and, to a lesserobscuring the detailed energetic balance within the protein
extent, the region of the protein structure that is defined by structure that is undoubtedly a fundamental aspect of their
the smallera-helix under native conditions. If the residues functions. It is this detailed energetic picture that cold
calculated to be folded in the most probable states of the denaturation can provide, and with the recent methodological
cold-denatured ubiquitin ensemble (i.e., residues4Band advances that provide access to cold denaturation by NMR,
49—-58 which are colored red in Figure 6B) are defined as a researchers can obtain an unprecedented structurally resolved
cooperative unit, the interaction surface between this definedview of the protein ensemble.
cooperative unit and the remainder of the protein consists Interestingly, the results of the hierarchical model and the
of approximately 1770 A2) of hydrophobic (apolar) surface COREX analysis reveal that the subglobal units of protein
and 211 A @) of hydrophilic (polar) surface (including both  structure need not correspond to classical secondary structural
interfaces). Thus, the COREX calculations are consistent with units or structurally defined motifs. It is the balance of all
what was observed by the hierarchical model in which possible interactions between all possible folding units that
interactions between “subglobal” units are driven mainly by combines to define the cooperative unit under a given set of
the nonspecific burial of hydrophobic surface. conditions. These cooperative boundaries may or may not
The results of the hierarchical subglobal model applied to correspond to structural boundaries.
protein cold denaturation presented above suggest that the Finally, the COREX algorithm39) represents a hybrid
unfolding of proteins at low temperatures should, in general, structurat-thermodynamic model of a protein’s conforma-
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Ficure 7: Temperature dependence of the horse cytochofAgand staphylococcal nuclease (B) ensembles. As in Figure 5, the ensembles

for each protein were divided on the basis of the amounts of native structure: the fully unfolded state (red), states between 0 and 30%
native structure (blue), states between 30 and 60% native structure (magenta), and all states between 60 and 100% native structure (green).
Time-averaged representation of the ensembles of cytochc@ne staphylococcal nuclease at low temperatures. Residues colored red are
stable and fluctuate the least, whereas residues colored yellow fluctuate the most. Molecular diagrams in this figure were made using
PyMol (48).

tional ensemble in which the partially folded states are from changes in hydration and has been parametrized in
modeled to have largely the same structural features as thosgéerms of changes in solvent accessible apd#$A,,0) and
observed by NMR-monitored cold denaturation. For each polar (AASA,.) surface area:
state in the ensemble, folded segments of the protein are

modeled by COREX to retain the same native-like geometry ACp; = ACy apoii T ACpois (A1)
as observed in the high-resolution structure, whereas unfolded nd

segments are modeled as unfolded. In effect, the ensemblé®

is composed of states with a dual character, with some AC, = aACpAASAapon + bACpAASApOH (A2)

regions being folded and native-like in each state and some
regions being unfolded and denatured-like. It is noteworthy \yherea,. = 0.44 cal mot! K- A2 andbsc. = 0.26 cal

that this dual character is precisely what is observed for the g1 k-1 A -2 (41—43). The enthalpy char;geAHi, also
ubiquitin intermediates populated during cold denaturation scajes with accessible surface areas and can be written as
(14). The success of COREX in modeling the cold denatur-

ation of ubiquitin suggests that this algorithm can be used AH(60°C), = a,,AASA
to guide research and more deeply investigate the nature of

folding—unfolding intermediates. As a hybrid structural  and

thermodynamic model of a protein’s conformational en-

semble, this algorithm provides a vehicle for projecting the AH(T); = AH(60°C), + AC,,i(T — 60°C) (A4)
effects of well-established physical properties of peptides

onto the behavior of proteins. whereT is the temperatureaay = —8.44 cal mot! A2,

andbay = 31.4 cal mot! A2 (40, 41). The entropy change,
Appendix AS, includes two contributions, one from changes in
solvation and the other from changes in the conformational
entropy:

+ by, AASA (A3)

apolj pol,i

The COREX algorithm is unique in that it utilizes an
energetic parametrization to derive the free energy of each
partially unfolded state. In other words, from the measured AS = ASy; + AS.on; (A5)
thermodynamics of unfolding of a database of proteins, '

COREX infers the unfolding energetics for the intermediate The solvation contribution can be written in terms of the
states. Shown below is the current COREX energy function polar and apolar values &C, if the temperatures at which
used to generate Figures-4. The relative Gibbs free energy  ASow,apo= 0 andASsowpoi = 0 are known Ts apoiand Ts pos

for each microstateAG;, is determined by structure-based respectively):

parametrization of the intrinsic energeticAC,;, AH;, and

S. The heat capacity\C,;, is known to originate primarily ASonvi = ASso apoi, T ASsoiv,poli (A6)
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and 13

AS(T)s.olv,i = ACp,apolj In(T/Ts,apo) +AC In(T/Ts,pOD

(A7)

p.polii 14

Ts.apoihas been shown to be 385 K1jj, while Ts ;o has been
shown to be 335 K44). The conformational entropies are
calculated by considering three contributions:

ASconfj = ASou—ex,i + ASlax—un,i + ASobj (A8)

16
where AS,—ex; iS the summed entropy change for all side
chains that are buried in the fully folded state and become
exposed in a microstat&\S.x—un; is the summed entropy
change of solvent-exposed side chains upon unfolding of the
peptide backbone, amiiS,y; is the backbone entropy change
for residues that become unfolded in a microstate. The
magnitudes of the conformational entropy contributions for
each amino acid type have been determined from compu-
tational analysis of the probabilities of the different dihedral
and torsion angles and are reported elsewhétedb). The
temperature-dependent Gibbs free energy for each ensemble

state, AG(T);, is then expressed in terms of the standard 21.

thermodynamic equation:

AG(T); = AH(T); — T[AS(T)sow,i + ASconfj] (A9)

22.
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