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ABSTRACT. Calmodulin, the C&-dependent activator of many cellular processes, contains two well-defined
structural domains, each of which binds two?Cmns. In its C&"-free (apo) form, it provides an attractive
model for studying mechanisms of protein unfolding, exhibiting two separable, reversible processes,
indicating two structurally autonomous folding unitsl—'>N HSQC NMR in principle offers a detailed
picture of the behavior of individual residues during protein unfolding transitions, but is limited by the
lack of dispersion of resonances in the unfolded state. In this work, we have used seleNjiielpbeling

of four distinctive positions in each calmodulin domain to monitor the relative thermal stability of the
folding units in wild-type apocalmodulin and in mutants in which either the N- or C-domain is destabilized.
These mutations lead to a characteristic perturbation of the staBilijyof the nonmutated domain relative

to that of wild-type apocalmodulin. The ability to monitor specifibl-labeled residues, well-distributed
throughout the domain, provides strong evidence for the autonomy of a given folding unit, as well as
providing accurate measurements of the unfolding paraméteaedAHn,. The thermodynamic parameters

are interpreted in terms of interactions between one folded and one unfolded domain of apocalmodulin,
where stabilization on the order of a few kilocalories per mole is sufficient to cause significant changes
in the observed unfolding behavior of a given folding unit. The seledfiMdabeling approach is thus a
general method that can provide detailed information about structural intermediates populated in complex
protein unfolding processes.

The systematic analysis and understanding of the reversibleprotein is to identify its autonomous folding units, which in
folding—unfolding processes of globular proteins have been the simplest case would correspond to recognizable structural
greatly advanced by the study of relatively small proteins domains of the protein. Where the foldingnfolding equi-
comprising a single structural domain, and often showing a librium involves multiple AFUs, the process necessarily
simple two-state equilibrium between folded and unfolded involves folding intermediates, and presents the challenge
forms (1, 2). In many cases, such systems also show simple of jdentifying the folding units, and characterizing the

kinetics characterized by two rate constaiktsandk- for interactions between them throughout the structural transition.
the forward and back reaction, respectivedy. (Multidomain o o . ) )
proteins can also show simple transition behavid). ( Calmodulin is a ubiquitous intracellular eukaryotic calcium

However, they are intrinsically more likely to contain regions Signal receptor and enzyme activator, which, in its calcium-
of different stability which can present several folding free form, is an attractive model system for studying the
processes within the same molecte-8). Such autonomous ~ unfolding behavior of modular assembly proteins. Apoc-
folding units (AFUSs! reviewed in ref9) are operationally ~ almodulin (148 amino acids) is a single-chain monomeric
defined substructures of the protein that can fold to nativelike protein without disulfide bonds, prosthetic groups, bound
conformations independent of the rest of the polypeptide metal ions, or cofactors. The protein has two homologous
chain. Such units may contain smaller identifiable generalized domains, each containing a pair of EF-hands (helidop—
structures (“foldons”10, 11). One approach to understanding helix motifs) and capable of binding two &aions (C&*-
the complex unfolding equilibria of a potentially multidomain  binding sites | and Il in the N-terminal domain and sites IlI
and IV in the C-terminal domain). The NMR solution

*To whom correspondence should be addressed. Telephone:Structure of apocalmc’d'{"n [1CFOLY) and _lDMO 3]
+44-208-959-3666. Fax:+44-208-906-4477. E-mail: jfeeney@ indicates that the largely independent domains are connected

niTB?:/nggr?'glf('Molecular Structure by a flexible linkage, as was also found in the calcium
$ Division of Physical Biochemistry. complex, Ca—CaM (14). Apocalmodulin domains unfold

1 Abbreviations: 1D, one-dimensional; 2D, two-dimensional; 3D, within a temperature range accessible to aqueous solution

three-dimensional; AFU, autonomous folding unit; CaM, calmodulin; - gt)dies, and the thermal unfolding has been studied by optical
CD, circular dichroism; HSQC, heteronuclear single-quantum coher-

ence; NMR, nuclear magnetic resonance; NOESY, nuclear Overhauser.an_d other technique&§—1.8). The ;t@bilities of the domains
effect spectroscopy; TOCSY, total correlation spectroscopy. in intact apocalmodulin differ significantly from those of the
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corresponding isolated domain fragmeris, (20). EXPERIMENTAL PROCEDURES
Thermal unfolding has been widely studied using physical
methods that monitor changes either in overall conformation
(far-UV CD and calorimetry) or in properties of key aromatic
residues (near-UV CD, UV absorption, and fluorescence)
taken to reflect more global properties. Such measurement
generally lack detailed structural information, and are
frequently limited in their ability to resolve the overlap of
multiple unfolding processes. In recent years, NMR has

e ot e B che S o1 e VIR S were 07120 b solions of
protein in a 90% HO/10% DO mixture and 0.1 M KCI.

information it can provide about individual atoms and .
residues throughout the structure. NMR studies are capableThe PH of the samples was adjusted to 6.8 (uncorrected for

of revealing precise information on substructural properties deuterium isotope effects).
14 —15
during folding—unfolding transitions. 1BH NMR has been NMR Spectra:H =N HSQC spectra were recorded on a

. ) S ~~ . Varian 600 Inova NMR spectrometer at-35 °C and
used for monitoring the unfolding of individual domains in acquired with'sSN decounling during the acquisition period
numerous multidomain proteing,(21—24). This approach q bling 9 d b :

. o . Each spectrum was collected with 256 complex data points
generally relies on finding resolved resonances (e.g., aromatic

. . . in thet, dimension and 1088 complex data points in the
signals) from each domain that do not overlap with other dimension; 16 transients per FID were recorded. *Hhand
resonances as the unfolding proceeds. In early work, Jar- ' :

. 15N sweep widths were 7996.8 and 2431.8 Hz, respectively.
detzky and co-workers used selectively deuterated staphy-Suppression of the water resonance was achieved by the
lococcal nuclease to provide simplified 1Bl spectra for

following the protein unfolding as a function of pl2g, 26) Watergate method2). Data were zero-filled in both
The current 2D H—15N heteronuclear single-quantum coher- dimensions to generate a final 5k22048 point spectrum.

i . L . 3D NOESY-HSQC and 3D TOCSY-HSQ®GQ) spectra were
gir:)(;]e (rHeZ(j?iIC ) n:ﬁf/?ggséw\g]rstgﬁ;re'n;refosaec'r? ?(I)gnu?:fg:Z?ner- acquired at 5C for the uniformly’®>N-labeled sample. The
! y P PP 9 data sets were processed using NMRPipe and analyzed using
studies. However, complete transition curves are often NMRDraw (31) and the Felix software package (Felix98.0
difficult to extract from complex 2D spectra, since the o

. ; . o : Biosym Technologies, Inc., San Diego, CAH chemical
dlﬁerent NM.R signals te’?d to lose ch.emlcal Sh'ﬁ dispersion, shifts were measured from a dioxane internal standard and
leading to signal clustering as protein unfolding progresses

referenced to 5,5-dimethyl-5-silapentane-2-sulfonate (taken

(27). :
. . as 3.750 ppm from dioxane at every temperatusg).(The
This work introduces a general NMR approach for values for thetH carrier are given by [4.97- (T — 5) x

studying protein unfoldingrefolding processes, usirtgN- 0.01] , s
2R : ) T s . ppm for temperatures ranging from 5 to 7G. >N
selective isotopic labeling to simplify 2BH—"*N HSQC chemical shifts are referenced to liquid BlHising the

spectra, and to minimize the problem of signal overlap in frequency ratio methodiN/iH = 0.101329118)32). NMR
the unfolded state. Selectivé’l]lle labeling of apocalm- sig?\al asysignments we?: made .by analyzin)g?‘:a’)lli) NOESY-
odulin also provides NMR probes in eight positions through- HSQC and 3D TOCSY-HSQC spectra and by comparison

?hUt thel str;J(*i;qre, "’;”t‘;""'.”gd.mg””fgng qf th(_arheqwllbrlumh with known assignments for apocalmodulit8). There was
ermal unioiding of the individual domains. 1he approach ,, ,qiy|q precipitation of protein in samples heated above

is also applied to two calmodulin mutants, apo-163G CaM 60 °C. In addition, optical spectroscopy measurements

and_ gpo—V13GG CaM. Th?se. mutations involve re5|dugs In performed at concentrations comparable with those used for
position 8 of the caIcmm—bmdmg loop sequences of calcium- the NMR study show no evidence of temperature-induced
bmdmg sites II.and IV, respectively. These highly conserved aggregation phenomenad). The reversibility of the tem-
re5|due§ contribute _to the hydrophoblc cores of the N- and perature-dependent chemical shift changes was demonstrated
C-domains, respectively, and are involved in the structural by recording low-temperature HSQC spectra at different

t?gaoéﬁgfﬁfﬁegﬁlggmgng;% zﬁZtgﬁzlgaizghs?%?ljigg]nt stages of the temperature study and showing that there were
T ' . 519 no spectral changes compared with the spectrum of the
destabilization of apocalmodulin, shown by the increased starting sample

tendency toward the unfolded state of the domain carrying :

! . . Optical Spectroscopyrar-UV CD spectra were recorded
_the mutation 18, 28). The_se mutant proteins pr_owde on a Jasco J-715 spectropolarimeter as described previously
interesting models for studying the unfolding behavior of a (33). Reversible thermal unfolding was monitored at 222 nm

forlci,j::ncdeoonf] ?;12 c()tr:{ero:jeli;ggiWZaelg)mziaz?lgg)%?;ilrlln ItI ri]s ]Egﬁndduring heating from 5to 85C at a rate ofv1 °C/min. The
P ’ : sample temperature was measured using an immersed

that the monitoring of individual residues provides a basis thermocouple (Comark).

egtimates to be made of the free ener o.f stabilization of aunfolding of the N- and C-terminal domains were obtained
9y as described previousl@). The parameters obtained from

82’]%? dfeo(;d'nogrtiuor:tgfuﬁléoc';r;négﬁf;g?nmtgrg r}ﬁ'%ré%?{i?r? thermal unfolding experiments were used to calculate free
P ' ' energy values using the Gibbklelmholtz equation:

they illustrate the scope of this experimental approach to

obtaining detailed information simultaneously on a number — . o+
of residues involved in a complex protein folding process. AGr = AHy(1 = T/Ty) + ACP[T T = TIn(T/Ty)]

Protein Expression and Purificatiodrosophila melano-
gastercalmodulins were expressed Escherichia coliand
purified as described previousl¢8). Uniformly 1°N-labeled

SDroteins were made by incorporating 99%N-labeled
(NH4).SO, as the sole nitrogen source in the growth medium.
Selectively [°N]lle-labeled proteins were prepared by in-
corporating 97% PN]lle in growth medium containing a
mixture of the other unlabeled amino acid8). Samples
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Helix.C lle-52 RESULTS
d [*N]lle Selectie Labeling.The thermal unfolding of wild-
Helix-D }/\)’ D type apo-CaM, apo-163G CaM, and apo-V136G CaM has
\.. / ' . lle-63 been monitored using selectiveN labeling of isoleucine.
Heliwg e85 “‘Jv > Of the eight isoleucine residues in CaM, four are in the
o\ ] Y < lle-27 N-domain, namely, lle9 (helix A), lle27 (site 1), lle52 (helix
Helix-F ™o " / o~ C), and lle63 (site I1), and four are in the C-domain, namely,
/\“ 7 Helix-B lle85 (helix E), 1le100 (site 111), lle125 (helix G), and 1le130
lle-100__ - N 69 (site 1V) (see Figure 1). The isoleucine residues are thus
. ! AN & located in distinctive regions with different secondary
N\ Helix-A structure, and pairs of residues in the sequence probe different

Helix-H environments, namely, the first helix and the calcium-binding

“! b \\\\Helix—G loop sequence of each of the four EF-hands.
lle-130 lle-125 The thermal stability of the three proteins was monitored

i 1] 15 i
Ficure 1. Location of lle residues in apo-CaM [NMR average by recording 2D'H—"N HSQC spectra at 5C intervals

structure (1cfd); see ref2]. Space-filling residues colored black ~OVer the temperature range of-35 °C. The spectral
and gray are in loop and helical segments, respectively. The figure simplification achieved by using selectivelyl{l]lle-labeled

was drawn using Swiss-Pdb ViewetQ]. samples can be seen by comparing'ttie 1N HSQC spectra
of uniformly and selectively labeled apo-CaM (Figure 2A,B).
whereTy, is the transition midpoint temperature (kelvin)C, Whereas the spectrum of the uniformly labeled sample

is the heat capacity change, aA#li, is the enthalpy at the  (Figure 2A) has cross-peaks for every HN moiety in the
midpoint temperatureAC, is poorly defined by the analysis  protein (~148 signals), the selectively labeled sample has
and was held constant at 0.8 kcal/mol (C-domain) or 0.73 just eight (Figure 2B). The denaturation of the uniformly
kcal/mol (N-domain) 19). labeled sample results in an accumulation of many signals
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Ficure 2: 2D N—'H HSQC spectra: (A) uniformly®N-labeled apo-CaM at 5C, (B) [**N]lle apo-CaM at 5°C, (C) uniformly 5N-
labeled apo-CaM at 45C, and (D) [°N]lle apo-CaM at 45°C.
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FiGURE 3: 2D ™N—1H HSQC spectra of'fN]lle apo-CaM at temperatures from 5 to 76. Spectra from 45 to 65C are plotted at a very
low contour level to show peaks corresponding to 1le27 and 1le63.
in the spectral region corresponding to unfolded conforma- from selective labeling is evident in Figure 2D.
tions, and this prevents a quantitative analysis of the changes Thermal Unfolding of Apocalmodulifrigure 3 shows the
in chemical shift with temperature for samples approaching 'H—'*N HSQC spectra offN]lle apo-CaM at different
complete unfolding (Figure 2C). The improvement resulting temperatures. The isoleucine residues show spectral changes
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Ficure 4. (A) H chemical shifts as a function of temperature for residues 1le63 (N-domain) and lle125 (C-domain) in seletiilely [
lle-labeled wild-type apo-CaM. (BN chemical shifts as a function of temperature for residues 1le63 (N-domain) and lle125 (C-domain)
in selectively [°N]lle-labeled wild-type apo-CaM. (C¥N chemical shifts as a function of temperature for residues Ile9 and 1le52 (N-
domain) and lle85 and 1le130 (C-domain) in selectivéiN]lle-labeled apo-CaM. (D) Thermal denaturation of apo-CaM monitored using
far-UV CD. The buffer was 25 mM MES and 100 mM KCI (pH 6.80). The solid lines are the computed best fits.

occurring in fast exchange, leading to signals with averaged fragment 85) have shown that the €abinding loops, linker,
chemical shifts for the nuclei exchanging between folded and terminal sequences are more flexible than the helices. It
and unfolded species. An exception is the Ile100 signal, thus appears that the chemical shifts of HSQC signals from
which disappears as the temperature increases, probably duan isoleucine in a particular domain are relatively insensitive
to signal exchange broadening. For the other seven isoleucindo the dynamics of the local structural environment.
residues, it is possible to follow tHel and the!>N chemical The far-UV CD thermal unfolding curve of apo-CaM was
shifts continuously as a function of temperature up to 75 measured under the same ionic conditions as the NMR
°C. Panels A and B of Figure 4 show these changes for lle63 experiments (pH 6.8 and 100 mM KCI) (see Figure 4D).
(N-domain) and lle125 (C-domain). Figure 4C shows the TheT,, andAH,, values for each domain are closely similar
temperature dependence of tBl chemical shift for four to the values determined previously at pH 8&0)(and are
further isoleucine residues. These plots clearly show that theconsistent with those determined from the NMR experiments
unfolding of the C-domain occurs at a lower temperature (see Table 1).
than unfolding of the N-domain, and this effect is further  Thermal Unfolding of Apo-163G CaMrhe replacement
characterized by the results of the thermodynamic analysespf |le63 with Gly causes the N-terminal domain of the
(Table 1). apoprotein to be significantly unfolded at room temperature
Although the errors in the values df, and AH,, are (18). The 2D*H—N HSQC spectra of'fN]lle 163G CaM
substantial, the thermal transitions reflected by signals from recorded at 5C (Figure 5A) show C-domain signals that
isoleucine residues within a particular domain are effectively are well-dispersed and are in the same positions as in the
the same for residues in loops and helices. Relaxationwild type (Figure 5B). In contrast, the observed N-domain
experiments on apo-CaM34) and on the apo-C-domain signals have chemical shifts very different from those of the
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Table 1: Thermodynamic Parameters for the Unfolding of

the N-domain. Replacement of Val136 with Gly causes the
C-terminal domain to be unfolded at room temperature in
the absence of Ca (18, 28). Thus, the 2D'H—5N HSQC
spectra of PPN]lle V136G CaM recorded at 8C (Figure
5C) show well-dispersed N-domain signals in the same
positions as for wild-type calmodulin (Figure 5B), and the
C-domain signals confirm that the C-domain is fully
unfolded. The thermal unfolding of the N-domain of this

Individual Domains in Apo-CaM, Apo-163G CaM, and Apo-V136G e A
CaM Obtained by Monitoring NMR Spectral Changes f6N[lle 3
Residues 112 1100
N-Domain E
: 1137 of
wild type V136G 114 ~
method  AHm (kcal/mol) Tm (°C) AHm (kcal/mol) Tm (°C) 1154
lle9 (H) 43.8(4.9) 59.1(1.2) 49.8(6.0) 59.5(1.6) 116
lle9 (*°N) 49.8(3.4) 575(0.9) 39.9(3.3) 62.0(1.3) 117
lle27 (H) 51.6 (11.5) 61.1(1.9) 48.3(11.5) 61.7(2.2) 3
lle27 (5N) 49.7 (45) 56.2(1.1) 52.9(45) 55.7(L.1) 1187 1125 d@@&% 185
lle52 @H) 46.8(6.2) 56.9(0.8) 41.0(4.4) 57.0(2.2) 119 0, AP
lle52 (°N) 450(4.2) 583(15) 45.7(49) 59.6(L.1) 120 P
lle63 (H) 483(3.6) 57.0(0.7) 54.3(55) 58.4(0.9) 121
lle63 (°N) 42.7(35) 55.3(0.8) 47.2(9.7) 57.2(0.9) 1223
NMR average 47.2(3.2) 57.7(1.8) 47.4(5.1) 58.8 (2.2) E
CD(pH6.8)  44.6(1.2) 57.5(0.4) 123~
CD (pH8.0y  46.1 59.5 1247
C-Domain E
wild type 163G E
method  AHpy(kcal/mol) Tm (°C) AHpy(kcal/mol) Tm (°C) 112
lle85 (5N) 33.9(6.6) 381(1.2) 38.1(52) 47.1(1.4) 113
lle125 (H) 28.1(3.2) 419(25) 392(22) 50.3(1.9) 114
lle125 @5N) 335(29) 427(1.2) 42.6(2.8) 49.9(1.2) 115
lle130 (5N) 341(35) 429(27) 341(44) 51.1(2.1) 15N E
NMR average 32.4(2.9) 41.4(22) 385(3.5) 49.6(1.7) 1167
CD (pH 6.8) 31.2(0.6) 43.5(0.3) 117
CD(pH8.0y  29.1 45.7 118-]
2Values in parentheses are the estimated standard devidtiersn 119
ref 20. 120
121
N-domain signals in wild-type calmodulin (one of the three 122
expected signals is not observed, probably because of 1234
exchange line broadening). The ZB->N HSQC spectra 124
of [**N]lle 163G CaM recorded as a function of temperature :
allow monitoring of the unfolding of the C-terminal domain 4 C 127
of this mutant. The profile is different from that of the wild- 3 g
type C-domain (see Figure 6A) and shows that the C-domain 112 6
is significantly more stable in the mutant protein (see Table 113 ]
1). E
Thermal Unfolding of Apo-V136G CaMWall136 in the 3
C-domain of CaM is in a position homologous to 1le63 in _ 0

.

=N

ug
O

Gl

R R PR P RBRPBRRR
NN N NRBRP B
W N R O WSO K

obiado

. . 24

mutant was monitored as described above. The spectral
X ) IHKIIHI|lIIllllll‘l!IIITIIIl\IIIIIIH|HH|IHI|I[H'IH\|IIII|\II!IIHI
changes with temperature are the same as those of the wild- 9.0 8.8 8.6 8.4 8.2 8.0 7.8
type N-domain (see Figure 6B), and analysis of the curves 1 ) ) ) )
yields similar thermodynamic parameters (see Table 1). H
Estimation of Free Energies of Unfolding at 20. The FiGUre 5: Superimposition ofH—15N spectra at different tem-

parameters given in Table 1, together with valuesA@, peratures for apo-163G CaM (A), apo-CaM (B), and apo-V136G

enabled the calculation of stability curvés for the variation CaM (C). The initial point at 5C is shown by signals with full

of AG with temperature for the N-domains (wild-type and contours. Signals at higher temperatures are plotted at lower contour
. . levels to show fast exchange averaged signals. The two unlabeled

V136G CaM) and th? C-domams (wild-type and 163G CaM). signals in panel A are from the N-domain (see the text).

These are shown in Figure 7. The two curves for the

N-domain of wild-type apo-CaM and apo-V136G CaM stability close to C. Urea denaturation experiments at 20

essentially overlap throughout the temperature range, but°C, performed as described previous®p), showed that the

those for the C-terminal domains of apo-CaM and apo-163G N-domain of apo-163G CaM is substantially {5%) un-

CaM do not. All curves predict a temperature of maximum folded, whereas the C-domain of apo-V136G CaM is
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Ficure 6: (A) 15N chemical shifts as a function of temperature for
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FiGure 7: Variation of AG with temperature for the N-domains
(wild type and V136G) and C-domains (wild type and 163G).
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Table 2: Comparison of Thermodynamic Parameters for Unfolding
Obtained by Different Methods for Apo-CaM, Apo-163G CaM,
Apo-V136G CaM, the Isolated Apo N-Domain (Tr1C), and the
Isolated Apo C-Domain (Tr2C)

AGy (kcal/mol)
protein method C-domain N-domain
wild type CD-U 1.45 (0.11Y 3.55 (0.27)
CD-T? 1.43(0.15) 3.69 (0.41)
NMR 1.61(0.12) 3.74 (0.31)
V136G CD-U na 3.82(0.25)
NMR na 3.82(0.41)
163G CD-U 2.24 (0.13) na
NMR 2.41 (0.28) na
Tr2C CD-»» 1.91(0.12) na
CD-T2 2.22 (0.16) na
TriC CD-»» na 2.73(0.21)
CD-T2 na 3.21(0.27)

aData from ref20. CD-U and CD-T indicate values calculated from
far-UV CD urea denaturation and thermal unfolding experiments,
respectively. NMR indicates values calculated from NMR thermal
unfolding experiments. Values from thermal unfolding experiments
were calculated usindC, values of 0.8 and 0.73 kcal K mol? for
the N- and C-terminal domains, respectivel),  Values in paren-
theses are the estimated standard deviations.

CaM. The results are summarized in Table 2. There is
generally close agreement between the NMR and CD
estimates oAAG,o. As has been noted elsewhep®), these
AGy values are in fact quite small, so the agreement can be
taken as evidence of the validity of the thermodynamic
analysis. This agreement in results from two experimental
regimes using protein concentrations differing by 2 orders
of magnitude indicates that the reported effects do not involve
intermolecular interactions.

DISCUSSION

Interdomain Interactions between Folded and Unfolded
Domains.The two domains of apo-CaM are homologous and
structurally similar, comprising a four-helix bundle stabilized
by a shori3-strand between two antiparallel loop sequences
(12, 13). Nevertheless, the free energies of unfolding of the
isolated domains are differenf@. The isolated apo N-
domain AG, ~ 3.0 kcal/mol) is significantly more stable
than the isolated apo C-domainGz, ~ 2.05 kcal/mol) (see
Table 2). This stability difference is not evident in tfg
values, which are very similar (50.3 and 49@ for the
isolated N- and C-domains, respectively). The differential
effects of calcium binding on the stability of both domains
have been described and quantitated elsew2ie (

For apo-CaM, the individual domains in the intact protein
do not have the same stability as the isolated domains; the
N-domain is stabilized and the C-domain destabilized with
respect to the corresponding isolated domain. This is reflected
in the Ty, values (57.7 and 41.4C for the N- and C-domains,
respectively) and in the free energy valu@sGty ~ 3.65
kcal/mol for the N-domain andG,, ~ 1.45 kcal/mol for
the C-domain) (Table 2). The extrapolated thermodynamic
parameters for intact apo-CaM determined using the NMR
approach are in satisfactory agreement with these values
(AGy ~ 3.8 kcal/mol for the N-domain andGy ~ 1.6

completely unfolded, consistent with previous observations kcal/mol for the C-domain) (see Tables 1 and 2).

using far-UV CD (8, 20) and NMR @8). These experiments
also allowed determination of values &G,y for the

The two domains of apo-CaM appear to behave indepen-
dently, consistent with the flexible linker and the low

nonmutated domains in apo-163G CaM and apo-V136G isoelectric point for each domairi?, 13, 34). Interactions
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between folded and unfolded domains in apo-CaM have been ~3.0
discussed in re20, and a general mechanism was suggested <:>
whereby the interaction of a folded domain (or AFU) with

an unfolded one would be expected to destabilize the domain ~2.05

unfolding first and stabilize the domain unfolding second. @ <:> ’\S\@

An interdomain interaction between aXtdoaded N-domain
and an unfolded mutant C-domain has been directly observed
for V136G CaM 8). In wild-type apo-CaM, the C-domain

unfolds first; hence, unfolding of the N-domain occurs in

the presence of an unfolded C-domain. The thermal unfolding ~ 145

of the N-domain of apo-V136G CaM (in which the C-domain <:> I:[

is already unfolded) should therefore parallel that of the WT

N-domain in the wild-type protein. Tables 1 and 2 show that ]:I @
L . (~2.8)

this is indeed the case; values of the thermodynamic

parametersTm, AHm, andAG,g) for the N-domain in apo-

V136G CaM are closely similar to those for the wild-type % @ ~3.65 wI
. V136G
apo N-domain.
In the case of apo-163G CaM, the C-domain unfolds in ~2.3
the presence of the less stable, partially unfolded N-domain. ﬁ <:>
One would therefore predict that interaction of the unfolded 163G
N-domain with the C-domain would make the C-domain ‘@

significantly more stable than the wild-type C-domain and

somewhat more stable than the isolated C-domain. The dateFicure 8: Schematic representation of the unfolding pathways for
presented here show that this indeed is true. Thealue calmodulin and its isolated domains. The upper part shows the free
for the C-domain in apo-163G CaM is some°8 higher energy values determined for the isolated fragme2@s The lower

ey ) ; part shows the unfolding scheme for the intact protein with free
than that for the wild-type C-domain. The free energy of energy values determined from experiments with the wild-type

unfolding of the C-domain in apo-163G CaM Gz ~ 2.30 protein and the two mutants. The value for unfolding of the
kcal/mol) is significantly higher than that of the wild-type N-domain in the presence of a folded C-domain was determined

apo C-domainAG,o ~ 1.45 kcal/mol) and somewhat higher ~from conservation of free energy.
than that of the isolated apo C-domaihG, ~ 2.05 kcal/

mol). The stabilization with respect to the isolated C-domain The use of thgg-structure mutants, apo-163G CaM and apo-
is ~0.25 kca|/mo|, i_e_, rather small Compared to the 0.6 kcal/ V136G CaM, prOVIdES models in which the relative stabilities

mol stabilization of the N-domain of apo-CaM relative to Of the N-and C-terminal domains are reversed by mutation.
the isolated N-domain. The observed change in the stability of the nonmutated
Figure 8 summarizes the free energy values determineddomain indicates that additional stabilization of the intrinsi-

for unfolding of the apo forms of intact CaM and the isolated Cally more stable domain can occur with either the N- or
domains. Unfolding of the intact wild-type protein occurs C-domain. Thus, the effect is not restricted to one domain,
predominantly via the upper pathway of the cycle. Interaction which excludes the likelihood that it is simply due to dividing
between the unfolded C-domain and the folded N-domain calmodulin into two separate entities. In the case of apo-
destabilizes the C-domain by0.6 kcal/mol relative to the 163G CaM, two of the perturbed lle residues in the N-domain
isolated C-domain and stabilizes the N-domain relative to Show temperature-dependent shifts similar to those of the
the isolated N-domain to approximately the same extent. C-domain even though the N-domain is known, from far-
Studies of 163G CaM allowed determination of the free UV CD measurements, to lack secondary structure. This may
energy for unfolding of a native C-domain in the presence indicate some specificity in the interactions between the
of an unfolded mutant N-domain. Conservation of free folded C-domain and unfolded N-domain. However, no such
energy then gives an estimate 2.8 kcal/mol for AG,o effect is seen with apo-V136G CaM.
for unfolding of a native N-domain in the presence of a  The measurements reported here with apo-CaM and its
folded C-domain. These results suggest that interaction mutants illustrate more general principles applicable to the
between the native C-domain and the unfolded N-domain folding—unfolding equilibria of multidomain proteins. The
may be less significant than that of the native N-domain with additional structural resolution provided by NMR is central
an unfolded C-domain occurring in the wild type. to these deductions. The use of selective labeling of one type
Intramolecular Interactions in Partially Unfolded Multi- ~ of residue (in this case isoleucine) at positions widely
domain ProteinsThese results suggest that the observed distributed in the structure provides important evidence in
differences inT,, between the domains in the wild-type identifying the structure comprising the folding unit. This is
protein and the corresponding isolated domains arise mainlyparticularly important when mutations are introduced into a
as a result of interactions between a folded and an unfoldedgiven domain. The studies of apo-CaM presented here, with
domain. Such interactions may be specific or relatively eight [°N]lle residues distributed over its two domains with
unspecific. For wild-type apo-CaM, no significant chemical each in a significantly different secondartertiary structural
shift changes were observed for tHéN]lle residues in the ~ environment, generally show a close overlap of the temper-
folded domain during the unfolding of its neighboring ature unfolding profile for a given domain.
domain, and thus, there is no evidence that the lle residues This result raises the question of the relationship between
are directly involved in such interactions in wild-type CaM. the overall thermodynamic stability and the structural
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dynamics of the folded state of a protein domain. In the NMR col2 vector containing the cDNA encodiily melanogaster
studies of (folded) apo-CaM, the structure of the C-domain calmodulin and Peter Browne for the original cloning of the
could not be determined to the same precision as that of thewild-type calmodulin and the 163G and V136G mutants. We
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