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Abstract: We used single-pair fluorescence resonance energy transfer (SpFRET) measurements to
characterize denatured and partially denatured states of the multidomain calcium signaling protein calmodulin
(CaM) in both its apo and Ca?"™-bound forms. The results demonstrate the existence of an unfolding
intermediate. A CaM mutant (CaM-T34C-T110C) was doubly labeled with fluorescent probes AlexaFlour
488 and Texas Red at opposing globular domains. Single-molecule distributions of the distance between
fluorophores were obtained by spFRET at varying levels of the denaturant urea. Multiple conformational
states of CaM were observed, and the amplitude of each conformation was dependent on urea concentration,
with the amplitude of an extended conformation increasing upon denaturation. The distributions at
intermediate urea concentrations could not be adequately described as a combination of native and
denatured conformations, showing that CaM does not denature via a two-state process and demonstrating
that at least one intermediate is present. The intermediate conformations formed upon addition of urea
were different for Ca?"-CaM and apoCaM. An increase in the amplitude of a compact conformation in CaM
was observed for apoCaM but not for Ca?>"-CAM upon the addition of urea. The changes in the single-
molecule distributions of CaM upon denaturation can be described by either a range of intermediate
structures or by the presence of a single unfolding intermediate that grows in amplitude upon denaturation.
A model for stepwise unfolding of CaM is suggested in which the domains of CaM unfold sequentially.

Introduction protein-folding pathway of CaM is particularly interesting for

a number of reasons. First, the different conformations present
at native conditions may fold via distinct folding pathways from
either unique or similar unfolded structures at denaturing
conditions. Second, the presence of distinct N- and C-terminal
domains connected by a central linker raises the possibility of
stepwise unfolding, possibly following a hierarchic progression
through an unfolding intermediatelhe objective of this study

is therefore to detect conformational substates of CaM under
denaturing conditions and to characterize conformations that
appear in the unfolding pathway of CaM by single-pair
fluorescence resonance energy transfer (SpFRET). The results
lead to a proposed unfolding pathway for CaM. While it is
generally believed that very small proteins1(00 residues) fold
without highly populated intermediate specié8proteins with

a large number of amino acids may follow complex folding
pathways. With 148 residues, CaM may possess populated

Calmodulin (CaM) is a small, Ca-binding protein that is
involved in signaling pathways for a number of crucial cellular
processes, including neurotransmission and muscle contrac-
tion.12 CaM is effective in activating a large number of target
enzymes, presumably due to the flexibility of the central linker
that connects its two Ca-binding lobes> Single-molecule
studies in our laboratory have recently shown that CaM is
present in solution in multiple, distinct conformations at room
temperaturg’ that may contribute to the interaction of CaM
with targets in diverse binding geometries. We found that the
relative amplitudes of these conformations depend & (@ael,
ionic strength, pH, and oxidative modification with,®b.”

The presence of multiple conformations of CaM in solution
raises the question of the nature of its folding pathway. The

* University of Kansas.

§ University of Georgia. folding intermediates, but its folding pathway should be
(1) Hoeflich, K. P.; lkura, M.Cell 2002 108 739-742. amenable to detailed study. Thermal and chemical unfoldin
(2) Persechini, A.; Stemmer Paul, Mrends Cardieasc. Med2002 12, 32— . y . . 9

37. studies of apoCaM suggested the existence of unfolding
(3) Yamniuk, A., P.; Vogel, H. JMol. Biotechnol.2004 27, 33—58. i i H i ;
(2) Weinstein, H.: Mehler. . LAnnu. Re. Physiol. 1994 56, 213-236. intermediates anql showed that unfolding of the intact pr_oteln
(5) Baber, J. L.; Szabo, A.: Tjandra, M. Am. Chem. So200%, 123 3953- cannot be described simply as the sum of the behavior of

3959.
(6) Slaughter B. D.; Allen, M. W.; Unruh, J. R.; Urbauer, R. J. B.; Johnson,

C. K. J. Phys. Chem. BOO4 108 10388—10397. (8) Baldwin, R. L.; Rose, G. DTrends Biochem. Sc1999 24, 77—-83.
(7) Slaughter, B. D.; Unruh, J. R.; Allen, M. W.; Bieber Urbauer, R. J.; Johnson, (9) Dobson, C. MNature 2003 426, 884-890.

C. K. Biochemistry2005 44, 3694-3707. (10) Pande, V. SProc. Natl. Acad. Sci. U.S./2003 100, 3555-3556.
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independent N- and C-terminal fragmeftst®> Small-angle Materials and Methods

_X-ray scattering showed elongation of CaM upon denaturathn Sample Preparation CaM-T34C-T110C was expressed by a PCR

!n urea _and suggested the presence of a stable um(Oldmgmethod described previousty3t CaM-T34C-T110C was purified,

intermediate of apoCaM at2.5 M urea'® labeled simultaneously with AF488 maleimide as donor (D) and TR
Single-molecule spectroscopy is a valuable method for study- maleimide as acceptor (A), and separated as described prevideisly.

ing protein folding, due to its ability to characterize heterogen- Dyes were obtained from Molecular Probes, (Eugene, Or). The double-
18 . . labeled construct CaM-DA was separated from other species present
eous system¥’:18 Previous single-molecule measurements on . ;
K h . (i.e., CaM-DD and CaM-AA) by reverse phase HPLC with a C5 Bio
CaM by Moerner and co-workers have demonstrated FRET in Wide Pore column and a standard acetonitrile, water gradient (see

a Cé&*-sensitive chameleoi.Lu and co-workers have examined  supporting Information in ref 30). The purity of doubly labeled CaM-
nanosecond domain motions by single-molecule metfbds, DA was checked by mass spectrometry (Supporting Information in ref
while Hochstrasser and co-workers have observed dynamics 0f30). The mass spectrum of CaM-B?verified that the maleimide ring
interaction between CaM and an amphiphilic pepttepFRET did not open after dye labeling. The functionality of the labeled protein
is particularly useful in its ability to map out conformational was demonstrated by showing that the doubly labeled construct was

L . . . 5 able to fully activate the Ga pump, PMCA (see Supporting Informa-
distributions and unveil structural intermediafé<?> spFRET tion). Buffer conditions consisted of 10 mM HEPES, pH 7.4, 0.1 mM

has been used to examine conformational changes UpONce+ 1 mm MgC, and 0.1 M KCI. For studies of apoCaM, addition
denaturation for a number of proteins, including the cold-shock of 3004M EGTA resulted in free G4 concentrations on the order of
protein Csgm?2® chymotrypsin inhibitor 27 a peptide, GCN4, 150 nM.

from the yeast transcription factét,and adenylate kinagé. Microscope Setup Fluorescence bursts were collected as described

: ) ; iotrily . Previously” by exciting freely diffusing molecules with the 488-nm
In the current study, single-molecule conformational distribu line of an Ar laser (Coherent, Innova 300) and collecting the

tions were detected for CaM doubly labeled with the. FRET pair fluorescence with an inverted fluorescence microscope (Nikon TE2000).

Alexa Fluor 488 (AF488) and Texas Red (TR) at sites 34 and The excitation power at the entrance of the objective wag\80 A

110 at varying concentrations of the denaturant urea to elucidatedrop of CaM-DA at a concentration of approximately 100 pM was

the folding pathway of C&-CAM and apoCaM. In contrast to  placed on a microscope cover slip above the objective. The beam was

previous Single_molecule unfolding Studies on Sma”er proteins’ focused at a minimum of Zﬂm above the surface to reject fluorescence

the single-molecule distributions of CaM at intermediate urea from molecules_ that may have adhered to the gla_ss surf_ace. Fluorescence
. . L was detected in donor and acceptor channels in/0bins.

levels cannot be explained simply by a combination of unfolded

e . . Analysis of FRET Distributions. The diffusion of a molecule
and folded structures; either a range of intermediate structures .
through the focal volume of the microscope was detected by occurrences

ora Singl? unfolding internjlediate.is .rquired to explain the of high count levels. On the picomolar concentration regime, the
changes in the conformational distributions of CaM upon propability of a molecule occupying the excitation volume is low;

unfolding. This provides direct single-molecule evidence of a therefore, it was necessary to set threshold signal levels to detect the
folding pathway that is not explained by a two-state model. The presence of a CaM molecule in the focal region. Cutoff methods such
conformations formed upon addition of urea can be described @S those used in these experiments have been discussed in greater detail
either by a gradual shift in a compact conformation to a more previously®”24For inclusion of a bin in a distribution, it was required

tended f fi foldi th h f that the donor or acceptor counts be larger than 6 times the standard
extended conformation upon unfolding through a range ot g iation of the background signal in each channel separately or that

intermediate structures or by formation of a single folding he sum of donor and acceptor counts be 6 times above the sum of the

intermediate. donor and acceptor background level. These criteria allow for the
identification of times when a molecule is present in the focal region

(11) Sorensen, B. R.: Faga, L. A.; Hultman, R.; Shea, MBiachemistn2002 without bias between donor and acceptor count channels. Average donor
41, 15-20. ) ) bleed-through into the acceptor channel (roughly 10%) was subtracted

ggg \S/g[‘;cséorf'é’v -RS_-?Sigza’MM-BﬁrggeeEi;%ggé 3}9 gﬁ:ﬂgg from the acceptor counts. It was required that acceptor counts be above

(14) Masino, L.; Martin, S. R.; Bayley, P. NProtein Sci200Q 9, 15191529, background after subtraction of donor bleed-through to avoid inclusion

(15) Rabl, C.-R.; Martin, S. R.; Neumann, E.; Bayley, P. Blophys. Chem. of bins with apparent low FRET efficiency due to acceptor photo-
2002 101-102 553-564. bl hi

(16) Yokouchi, T.; Izumi, Y.; Matsufuji, T.; Jinbo, Y.; Yoshino, IFEBS Lett. eaching.

17 %;IJO?a SSJ,VleE—_léZ-.t MScienceloeq 283 1670-1676 The actual cutoffs used in a particular experiment are necessarily

2183 Wg?;;‘?gNa-t. S“trucr[f ’BioLZC('J%ch 724-729. ' somewhat arbitrary in nature. However, data analyzed with slightly

(19) Brasselet, S.; Peterman, E. J. G.; Miyawaki, A.; Moerner, . Phys. modified criteria, for example, by increasing or decreasing the number
Chem. B200Q 104, 3676-3682. inti

(20) Tan, X.: Hu, D; Squier, T. C.. Lu, H. Appl. Phys. Lett2004 85, 2420 of standard deviations above the background count level a channel must
2422, 7 T ’ ’ ' possess, resulted in very similar distributions (see Supporting Informa-

(21) Tang, J.; Mei, E.; Green, C.; Kaplan, J.; DeGrado, W. F.; Smith, A. B., tion). To ensure that conclusions in the manuscript do not depend on
IIl; Hochstrasser, R. MJ. Phys. Chem. B004 108 15910-15918.

(22) Ha, T.Methods2001, 25, 78-86. threshold settings, we have (1) collected distributions with identical

(23) Dahan, M.; Deniz, A. A.; Ha, T.; Chemla, D. S.; Schultz, P. G.; Weiss, S. threshold values to ensure that differences in distributions reflect real

(24) %?S?Weﬁlb%?lg?%ég.E\g]?_l_.l;ol?écoste, T.D.: Deniz, A. A.: Chemla, D. S.: differences in conformations and do not depend on the exact value of
Schultz, P. GJ. Am. ChemSoc.2001, 123 4295-4303. threshold settings, (2) verified that the average FRET efficiency reported

(25) Ha, T,; Enderle, T.; Ogletree, D. F.; Chemla, D. S.; Selvin, P. R.; Weiss, from the distributions matches closely the average FRET efficiency
S. Proc. Natl. Acad. Sci. U.S.A996 93, 6264-6268. . .

(26) Schuler, B.; Lipman, E. A.. Eaton, W. Alature 2002 419, 743-747. reported from ensemble measurements, which do not involve a threshold

(27) Deniz, A. A.; Laurence, T. A;; Beligere, G. S.; Dahan, M.; Martin, A. B.;  setting, and (3) shown previously that ensemble time-resolved fluo-
Chemla, D. S.; Dawson, P. E.; Schultz, P. G.; Weis$18c. Natl. Acad.
Sci. U.S.A200Q 97, 5179-5184.

(28) Talaga, D. S.; Lau, W. L.; Roder, H.; Tang, J.; Jia, Y.; DeGrado, W. F.; (30) Allen, M. W.; Bieber Urbauer, R. J.; Johnson, C.Ahal. Chem2004

Hochstrasser, R. MProc. Natl. Acad. Sci. U.S.£00Q 97, 13021-13026. 76, 3630-3637.
(29) Rhoades, E.; Gussakvosky, E.; Haran,Réoc. Natl. Acad. Sci. U.S.A. (31) Allen, M. W.; Urbauer, R. J. B.; Zaidi, A.; Williams, T. D.; Urbauer, J. L.;
2003 100, 319743202. Johnson, C. KAnal. Biochem2004 325 273-284.
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rescence measurements, which do not depend on threshold settings

result in distance distributions showing conformational substates. A
Once it was determined that donor and/or acceptor counts were high

enough to ensure that a molecule was present in the focal region, the

FRET efficiency for a single bin was found from donor intendity

and acceptor intensiths using the equation

c(l,— bly)
E=———"—"— 1
c(l,— bly + 14 (@) B
ap] OMUrea TEFmsRBd 30| 8M Urea Texas Red
wherec is a factor to correct for relative detection efficiency of the g 20 | 1 e AF438
donor and acceptor channels @mdorrects for average bleed-through 2 10 e l i | @
. . [} | ) {3 i
from the donor to acceptor channel. The determination lods been E O Y‘*%’“WWW £
discussed in detail elsewhei. s i 3
- . . - 20
From the FRET efficiency measured in each time bin, distariRes (
were obtained according to %'UO 2050 2100 2150 2200 %'00 7100 7200 7300
Time (ms) Time (ms)
1— E\6 Figure 1. (A) Solution structure of apoCaM (pdb 1éRishowing the sites
R= (Tﬂ ‘R (2 of attachment of probes Alexa Fluor 488 (green) and Texas Red (red). (B)

Sample fluorescence records of CaM-DA collected in 880sins with
excitation of AF 488 at 488 nm. Intense bursts are due to single CaM
whereR, is the Fuoster distance, or distance of 50% energy transfer molecules traversing the focal region. Fluorescence bursts in the acceptor
between donor and acceptor. The measured FRET efficiency is an(Texas Red) channel demonstrate efficient FRET. More fluorescence is
average over the 30@s time bin. It should be noted that the calculation ~0observed in the donor channel upon addition of urea, indicating decreased
of distances according to eq 2 does not take into account possibIeFRET'
averaging of the FRET efficiency due to dynamics on a time scale

faster than the binning time of 30@s, nor does it correct for 0.94
contributions from shot noise. For AF488 and TR, a value of 46.5 A )
was calculated foR, from the equation
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whereJ is the spectral overlap of the donor fluorescence and acceptor %; %
absorption? is the orientational dipoledipole coupling factorn is 0.7

the refractive index (1.4), ang is the quantum vyield of the donor in ! é
the absence of the acceptiA value of%/; for «? can be assumed in ¥ 1 A 0.1mMCa*
the current study due to rapid reorientation of AF488, revealed by time- L o 150 nM Ca*
resolved anisotropy measurements (see Supporting Information). The 0.6+
contribution of orientation factors to distance distributions was discussed

in previous publication&’ Further discussion, including time-resolved 0 j ) j "1 j 6
anisotropies of CaM-AF488 and CaM-TR as a function of urea to verify

orientational averaging of the orientational factéris included in the Urea (M)
Supporting Information. As described there, the large amplitude of r 6 »  FRET efficiencies as a function of urea concentration averaged
segmental motion of AF488 ensures random orientation of donor and over all bins that surpass the signal-to-background criteria fét-CaM
acceptor dipoles to minimize uncertainty in FRET due to variation in (a) and apoCaM @). The uncertainty is the standard deviation in the
«2. At native conditions, some bins were obtained with no detected average from the FRET efficiencies calculated from multiple data sets. The
donor photons leading to a calculated FRET efficiency of 1.0. These INSet shows the average FRET efficiency from ensemble FRET measure-
cases result from instances of high energy-transfer efficiency coupled mfer:]t;’tiggltermmed by numerical integration of donor and acceptor peak
with Poisson counting noise in the donor channel. A 100% FRET

efficiency corresponds to an appar@talue of 0 A but could occur
for Rvalues less than c# of the Faster distancéy, or less than 23
A Because these cases co.rrespond. to an energy-transfer regime in which Figure 1A shows a solution structure of apoCaM (pdb éfd)
itis not possible to determine the distance, these occurrences were not, 4 the sites of attachment of fluorescent probes AF488 and

included in the c_ilstance dlstrlbut_lons. It should be noted that, in any_ TR, and Figure 1B shows two typical data sets with clear
case, conformations corresponding to no donor counts were absent in . .

g . examples of high count levels that represent single CaM-DA
the presence of urea. Use of these cutoff criteria described above

resulted in distributions whose average matched the average FRETmoIecuIes traversing the focal reg!on. Burst are shown both at
efficiency obtained from integration of bulk data for CaM at various 0and 8 M urea. There is a notable increase in donor fluorescence

urea levels (Figure 2 inset, see Results section). Bulk emission spectrafor bursts &8 M urea, evidence of a decrease in FRET efficiency
were taken upon excitation at 490 nm with a Cary Eclipse fluorimeter, Upon denaturation. Data sets were sorted according to the cutoff
and donor and acceptor emission spectra were numerically integratedparameters discussed in Materials and Methods. Figure 2 shows
in Origin 7.0. the change in average FRET efficiency upon denaturation of

T-efficiency

fold 21

- -0

Results

(32) Van der Meer, B. W.; Coker, G.; Chen, S.fesonance energy transfer: (33) Kuboniwa, H.; Tjandra, N.; Grzesiek, S.; Ren, H.; Klee, C. B.; Bax, A.
theory and dataVCH: New York, 1994. Nat. Struct. Biol.1995 2, 768-776.
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CaM by urea for bins exceeding the signal-to-background
criteria. To check the validity of the cutoff criteria used, the
average FRET efficiency from single-molecule distributions was
compared to the average FRET efficiency of bulk measurements.
The inset displays the average FRET efficiency of CaM-DA
obtained by numerical integration of donor and acceptor
emission curves from bulk samples at various urea levels.
Comparison shows that the average FRET efficiencies were
consistent for the two methods.

The average FRET efficiencies revealed a decreasing FRET
efficiency as the urea level increased (with the exception of
apoCaM belar 2 M urea concentrations), in agreement with |
X-ray scatteringf and ensemble FRET studféshat observed 40 50 60 70
elongatlon_ in the structure of C_a_l\/l upon addition of urea. The 150! 0.1 mM Ca® 300 A
decrease in average FRET efficiency betw@eM urea E ~ 4 M urea - 4 M urea
0.82) b 8 M urea E ~ 0.60) was gradual, and the average
FRET efficiency between residues 34 and 110 did not appear
to depend on Ca level over this range of urea concentrations.
In contrast, at native conditions, a significant difference existed
in the average FRET efficiency of €aCaM and apoCaM, with
average FRET efficiencies for €aCaM-DA and apoCaM- 150! 0.1mMCa” 50
DA of 0.87 and 0.73, respectively. As the urea level was 6 M urea

3004 04mmca® 3% Apo

0 M urea 200 0 M urea

100

o

z

30 40 50 60 70

200 Apo
2 M urea

100

(=]

2

30 40 50 60 70

100

;

40 50 60 70

50 60 70

Apo
6 M urea

Occurrences

increased from 0 to 2 M, the average FRET efficiency between 80

residues 34 and 110 in €aCaM decreased, while it increased 40

for apoCaM at urea concentrations between®2iM and then ] 8

decreased between 2ch8 M urea. 40 50 60 70 2 50 60 70
Single-molecule methods allow measurement of the confor- 200! 01mMca 190 Apo

mational distributions underlying the average FRET efficiencies. 150] 8 M urea 100 8 M urea

Distance distributions at various urea levels are shown in Figure

3, with single-molecule distributions for 0.1 mM &ain the 00 50

left column and 150 nM C# in the right column. At a C& 50

concentration of 150 nM, we expect CaM to be predominantly o} 0

o . ; S 20 30 40 50 60 70 20 30 40 50 60 70

in its apo staté. Previous single-molecule studies in our

laboratory revealed three distinct conformations of‘G@am R (A)

and apoCaM at room temperatifréa dominant conformation ) . . R .

. f A di b id d Figure 3. Single-molecule CaM-DA distance distributions at varying urea
consisting of a 3640 A distance between residues 34 and 110, |eyels at both saturating (0.1 mM &a left panel) and subsaturating (150
an extended conformation with residues 34 and 110 separatechM Cz*, right panel) C&" levels. All solutions contain 10 mM HEPES,
by 50-60 A, and a compact conformation with a distance of 0.1 M KCl, and 1 mM MgC}, pH 7.4. Each histogram comprises
~28 A between residues 34 and 110. The distributions in Figure gpprtoxmately 2000 bins corresponding to roughly 1000 single-molecule

. . . . L N ursts.
3 are consistent with these findings. Two distinct conformations ) )
were apparent in the absence of urea. In the present S,[udy,centratlon. In contra.st, for 150 nM %the a.mplltude .of the
distributions were obtained with a larger bin size of 1.5 A to extended conformation decreased with an increase in the urea
demonstrate clearly the changes in the two main conformations¢oncentration from 0 to 2 M. The distribution around-3® A
upon denaturation, and the most compact conformation was notdid not shift with increasing urea concentrations at urea levels
resolved with bins this large. The amplitudes of the-@0 and ~ ©f 4 M or less in apoCaM, but shifted to longer distances at 5

50-60 A conformations reported in Figure 3 (top panel) are M urea or above. , o
consistent with those reported previodslp within a few We fit the conformational distributions of €aCaM and

percent, consistent with experimental uncertainty. apoCaM in two ways. First, the distributions of distances at
The results in Figure 3 show that the decrease in averagevarious urea concentrations were fit with two Gaussian func-

FRET efficiency shown in Figure 2 did not result merely from tions. Examples of such fits are shown in Figure 4. The blue
a shift in the structure of a single population but rather was due !In€s in Figure 4 mark the center of the fit for each Gaussian
to a combination of factors including a shift and broadening of function, while the red lines show the overall fits. The

the 30-40 A distribution and an increase in amplitude of the parameters of the fits are plotted in the right column, including
extended ¥50 A) conformation. C&#-CaM and apoCam  the center and width of the shorter-distance Gaussian function

responded differently to increases in urea concentration from 0 2d the relative amplitude of the extended-distance Gaussian
to 4 M. At 0.1 mM Ca&* the distribution at 3640 A shifted function. The fits illustrate observations made above. F8fFCa
to slightly longer distances along with significant broadening C@M, the center of the more compact Gaussian shifted upon

at increasing urea concentrations. The amplitude of the extendedddition of urea, while for apoCaM the center was relatively
conformation (56-60 A) increased with increasing urea con- Unchanged from Qt5 M urea before increasing from 5 to 8 M
urea. The width of this Gaussian increased upon denaturation

(34) Yao, Y.; Schoeneich, C.; Squier, T.Biochemistryl994 33, 7797-7810. for both C&"™-CaM and apoCaM. As count rates for CaM at

12110 J. AM. CHEM. SOC. = VOL. 127, NO. 34, 2005
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Ll m ca-cam 10 " Amp (364)
- ? ; O Amp (43A)
< O ApoCaM | ol % A Amp (584)
8 40 ¢« * o LI oY
g 3 gos) 5
3 = ApoCaM
&Saslo ° \ o 3 == poCa §
o . o £ s 4
T a2 o] <02 N i 5 s
3L 5 e o
70 6 2 a4 & 8 e 00 ¢ %o , H]
<18 3 , 0 2 4 6 8
200 = ° N "f ' B Amp (34A)
3 o1mMca® T 16 o o Amp (434)
o : s @ 081 L] A Amp (58A)
5M urea = © ~
= w 14 5 52
) ] o ¥ £ 06 u -
= 100 312 P a Ca”-CaM & %
3 o § 8 £ o4 & e
o £ 10 s < 3 s
© 0 = 8 02 % i i
70 0 2 a4 6 8 1l o3 42—% ]
150, 4 00{ ¢ ¥
o 0 30 40 50 60 70 0 2 4 : 8
0.1 mMCa2+ & %4 R (A) Urea (M)
100 7M urea 203 ) ' . . e
3 Figure 5. Fits of single-molecule CaM-DA distance distributions to three
O 02 . 3 % o Gaussian functions with fixed centers and widths. This model is consistent
504 a i with the existence of a distinct unfolding intermediate represented by the
£ 01 intermediate Gaussian function centered around 43 A for both apoCaM
< 0.0 and C&*-CaM. The center and width of each Gaussian were held constant,
0 20 40 50 60 70 R 3 " 3 P and only the amplitudes were varied. The fits of the individual Gaussians

are shown in black and the overall fit in red. Blue lines are drawn to show
R (A) Urea (M) the center of each of the three components of the fit. On the right the
amplitudes of the three components are plotted as a function of urea

Figure 4. Fits of single-molecule CaM-DA distance distributions to two concentration at both G levels. Lines are shown to guide the eye.

Gaussian functions, consistent with a broad distribution of intermediate
unfolding states (see text). The fits of the individual Gaussians are shown ) ) )
in black and the overall fit in red. Blue lines are drawn to show the center Figure 5 are the amplitudes of the three populations as a function

of each of the two components of the fit. Plotted on the right are the center of yrea concentration for apoCaM and?CaCaM.
dlsta_nce and_W|dth of the more-compact Gaussian function, along Wlt_h the The fits in Figure 5 illustrate differences in the unfolding of
relative amplitude of the more extended Gaussian function as a function of :
urea concentration. apoCaM and CH-CaM. The amplitude of the 3040 A
distribution decreased monotonically with increasing urea for
increasing urea levels were similar to count rates at native C&"-CaM. However, for apoCaM, the amplitude of the most
conditions, Poisson counting noise was expected to contributecompact of the three distributions changed little in amplitude
equally to the width of all distributions, and the increase in width from the native distribution to the distributioh2M urea before
of the distributions upon denaturation was therefore not a result decreasing at higher urea concentrations. The amplitude of the
of counting noise. With the exception of apoCaM at less than C&"-CaM conformational substate centered at 43 A grew for
2 M urea, there was a trend toward increasing amplitude of the urea concentrations between MdahM before leveling off. For
50—-60 A conformation upon denaturation, while the center of apoCaM, the amplitude of the intermediate conformation
the more extended Gaussian did not shift appreciably in distance.changed little between 0 dn2 M urea before increasing to
The shift and broadening of the distributions upon denatur- match C&"-CaM between 5 ah8 M urea. The amplitude of
ation demonstrate the presence of one or more intermediatethe 50-60 A distribution did not change as significantly as the
states. The simplest description of these states is given by aothers atlow urea levels but increased betweends8a urea.
model with a single folding intermediate. To test this possibility, Interestingly, for apoCaM this amplitude was larger at native
we fit the distributions with three conformations of fixed center conditions thantl M urea and increased slowly upon further
and width, allowing only their amplitudes to vary at different addition of urea, although it is possible that the physical
urea concentrations. The center and width of the most compactcharacteristics of the 5660 A conformation of apoCaM at
distribution were found from a fit of the compact distributions native conditions were different from those of the-&D A
(all bins < 45 A) at native conditions. The parameters for the population at high urea levels (see Discussion below).
more extended conformations were found from a fit of the
distributions 48 M urea, yielding peaks at 43 and 58 A. The
distributions at each urea level were then fit to three Gaussian Protein folding and unfolding are dynamically and structurally
distributions allowing only the amplitudes of the three to vary heterogeneous processes. To fold, the protein configuration must
while fixing the center and width. #¥8 M urea an amplitude of  find its way along the energy surface to form the native structure.
<2% was obtained for the distribution centered at 34 A, so that Multiple, local minima may exist on this surface that can trap
the distribution was effectively fit with amplitude from the other the protein temporarily in intermediate folding structut&ich
two Gaussians. However, all three substates were significantly structures may be stabilized in the presence of urea. Ensemble
populated at intermediate urea levels. These results are showmmeasurements typically report only an average physical property
in Figure 5. The blue lines mark the fixed centers of the three and therefore may miss shifts in underlying distributions or
distributions. The individual Gaussian profiles are also shown, intermediate states. Single-molecule methods, on the other hand,
along with the overall fits in red. Plotted on the right side of reveal the distribution of properties that, taken as a group,

Discussion

J. AM. CHEM. SOC. = VOL. 127, NO. 34, 2005 12111



ARTICLES Slaughter et al.

comprise the average. In the current study, changes in the singlethe 30-40 A conformation could result from disruption of one
molecule distributions of CaM were observed upon denaturation. set of hydrogen bonds, while disruption of another set of
The single-molecule distributions provide direct evidence for a hydrogen bonds could lead to the increase in amplitude of the
folding pathway that possesses at least one and possibly a rangextended conformation, for example by unfolding of the central

of intermediate structures.

Previous single-molecule folding measurements of smaller

proteins and peptides, chymotrypsin inhibito?’2;o0ld shock
protein from Thermotoga maritimé®3% and a two-stranded
coiled coil from GCN48 were consistent with two-state unfold-

linker.

The single-molecule distributions admit a second possible
interpretation in which a single unfolding intermediate is formed
rather than a range of intermediates. In this picture, the increased
breadth of the distributions at intermediate urea concentrations

ing in which a folded conformation was observed at native is due to two overlapping conformations. According to this
conditions and an unfolded conformation at high denaturant model, there are three populations of CaM: a relatively compact
levels. At intermediate denaturant concentrations, the single- conformation (centered at 34 A for €aCaM and 36 A for
molecule distributions could be explained as a mixed population apoCaM), an intermediate conformation appearing upon addition
of folded and unfolded components. Larger proteins, on the otherof urea (centered at 43 A for both &aCaM and apoCaM),
hand, might be expected to possesses more complicated foldingand a weakly populated, extended structure (centered at 58 A).
pathways®®-37 Haran and co-workers observed heterogeneous The changes in the distributions with changes in urea concentra-
folding pathways in fluorescence traces of single adenylate tion can be described by changes in the amplitudes of these
kinase molecules (214 amino acids), and distributions at conformations. Examples of fits in the context of this model
intermediate denaturation concentrations showed states that werare shown in Figure 5. In this model a folding intermediate
shifted slightly from the native and fully denatured stefes. centered at 43 A is evident as its population grows in amplitude
Unfolding Models. In the present experiments, the observa- and dominates the distribution at high urea levels.
tion of shifts in the compact conformation of CaM upon Unfolding Pathways of CaM. CaM possesses unique
denaturation demonstrates that the distributions of CaM in the structural properties that may dictate the nature of the unfolding
presence of urea cannot be described by the presence of onlyathways available. CaM is a structurally flexible protein, as
two populations, one folded and the other unfolded. Rather, we evidenced by its multiple conformations even in the absence of
detected shifts and broadening in the more compact conforma-denaturant.” The N- and C-terminal lobes of CaM have distinct
tion, inconsistent with two-state behavior. Therefore, in contrast physical characteristiés}2-44 including reduced stability in the
to a two-state folding mechanism, the folding landscapes of both C-terminal domain of apoCaM relative to that in the N-terminal
apoCaM and C#-CaM possess, at a minimum, at least one domain345 The two lobes are known to interact, affecting
significantly populated intermediate structure between native characteristics such as flexibility and €abinding134¢ Shea
and unfolded states. The presence of distinct conformations forand co-workers showed that the isolated domains of apoCaM
data recorded in 300s bins indicates that the conformations display two-state unfolding, but a three-state model was
interchange on a time scale of longer than 880The presence  necessary to adequately fit the thermal denaturation curve for
of distinct conformations on this time scale is consistent with a the intact proteirt® Bayley and co-workers similarly observed
kinetic study of Bayley and co-workers, who observed equili- that the unfolding of the whole protein cannot be described
bration between native and unfolded conformations of the simply by a superposition of the unfolding of the two isolated
C-domain of apoCaM on the time scale of hundreds of domainst4 Denaturation of the C-terminal fragment of apoCaM
microsecond$® was observed at lower concentration of denaturant than dena-
The shifts in conformational distributions with addition of turation of the N-terminal fragment of apoCaM, while the order
urea can be understood in two alternative pictures. First, the was reversed for Ga-CaM 1 The instability of the C-terminal
distributions can be explained by a shift and broadening of the domain of apoCaM was also observed in a temperature-jump
more compact conformation along with an increase in amplitude study of the unfolding of apoCaM by Bayley and co-workers,
of an extended 5660 A conformation. Distributions fit with who concluded that the C-domain was partially unfolded at
two Gaussian functions are shown in Figure 4. In the context native conditiong® These findings suggest that CaM unfolds
of this model, the shift and broadening of the-3m A in a stepwise fashion. One possibility, therefore, is that the
conformation suggests that CaM may form a continuous observed intermediate consists of CaM in which one of the two
distribution of intermediate unfolding states. Such a distribution terminal domains is denatured.
of unfolding states would be consistent with a downhill folding The observation of the large amplitude of the most compact
mechanism along a surface void of significant barriers, with a of the conformations at native conditions, and the increase in
range of accessible conformations that decreases in number agmplitude first of the conformation centeredi3 A, followed
the native structure stabiliz8%:4! The shift and broadening of by the increase in amplitude of the most extended conformation
(Figure 5), indicate that the unfolding of CaM is hierarchic,
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conformation. Such interactions could result from exposure of
hydrophobic surfaces upon unfolding that are then available to
interact with the opposing domain.

It is interesting to consider the nature of the extended
conformation R > 50 A). The extended conformation in native
CaM very likely consists of a helical central linker as depicted
by crystal structures of G&-CaM;"~*° whereas the extended
conformation formed upon addition of urea may consist of a
denatured central linker. The extended conformation formed
under denaturing conditions may thus consist of structbies
6 (Figure 6) or a mixture of both. For apoCaM the population
Figure 6. Schematic of possible unfolding pathways of CaM. Strucfure  Of the extended conformation first decreases upon addition of
is the dominant conformation arflis the most extended conformation in urea. At urea concentrations above 2 M, the—50 A

the absence of urea. Addition of urea leads to formation of a partially : . . . :
denatured structur@®)f where one of the two terminal domains is denatured conformation for apoCaM ag,am growsin pOpUIatlon,’ Sque,Stmg
(e.g. the C-terminal domain for apoCaM). Native domains are represented that the extended conformation of CaM that grows in amplitude
by circles and denatured domains are represented by irregular shapes. Upomipon denaturation has different structural characteristics than
increasing the urea concentration, struct8rdominates the distribution. the extended conformation at native conditions. However, more
Further increases in urea concentration may denature the opposing globulard tailed \vsis of the struct fth f ti | substat
domain (structuret) or the central linker (structurg). Eventually, as the ; etaie ana_' ySIS Of the structures or the conformatonal substates
urea level is increased, an extended conformation is formed that may iS not possible from the present data.
correspond to structures or 6, or a combination of the two. For €& Even though the distance between residues 34 and 110 in
CaM, structure® and3 are weakly populated at native conditions, whereas the extended conformation of CaM (560 A) appears consis-
for apoCaM, structure, 2, and3 are all present at native conditions. Upon . . . .
addition of urea, structur® begins to dominate. For €aCaM, the tent with the distance predicted by the extended helical crystal
N-terminal domain may denature more readily, while the C-terminal domain structures of C#-CaM (~53 A-from pdb 1cll4® ~52 A for
denatures more readily for apoCa. pdb 1ext?), it is unlikely that the extended conformation that

) ) ) o grows in amplitude at increasing urea levels corresponds to
three-state unfolding of CaM in which denaturation in one Iobe jycreased helicity in the linker, as ensemble studies have shown
of CaM at low levels of urea populates an unfolding intermediate 5 yecrease in helicity of CaM upon denaturafid#. Therefore
with a distance between residues 34 and 110 distributed aroundye speculate that the extended structures GF*@aM and,

43 A, Denaturat_ion in the other terminal domain (or _denaturation apoCaM at native conditions have physical characteristics that
of the central linker-see below) may be responsible for the gitfer from the extended conformation upon denaturation but
further increase in the distance between the residues, resultingpat are not manifested as a distance change between residues
in additional amplitude for the 5660 A conformation. 34 and 110.

Possible unfolding pathways of €aCaM and apoCaM are This result can be considered in light of recent simulations

illustrated in Figure 6. CaM is present in at least three atgyggest that end-to-end distances in denatured proteins may
conformations at native conditiofié.Of these, the two most ot differ substantially from end-to-end distances for proteins
populated conformations are represented in Figure 6 by struc-maintaining specific structural featurés52 Pande and co-
turesl and2. Structurel represents the dominant conformation, \yorkers reported that the average end-to-end distance for a
while 2 represents the more extended conformation. We suggestyandom chain differs only slightly from the average end-to-end
that unfolding of CaM proceeds stepwise through an unfolding gjstance for a helical segment over short distafié®ose and
intermediate where one of the two terminal domains iS co.workers found that mean-squared end-to-end distances were
denatured. Structurgrepresents an intermediate with a single - gmjjar to random-coil predictions for proteins that had only
unfolded domain, which could be the C-terminal gomam for 8o of the torsion angles randomized, while 92% retained their
apoCaM and the N-terminal domain for £aCaM* Upon  yajyes from the structural dat&.For a protein chain of 76
increasing denaturant concentration, the population of structure egjgues (the chain length between residues 34 and 110 of CaM)
3is increased. Further unfolding occurs either by denaturation 5ndom-coil models predict a mean-squared end-to-end distance
of the second domain (the N-terminal domain for apoCaM or of 5351 & 5154 (A slightly larger distance might be expected
the C-terminal domain for Ca-CaM) represented by structure  penyeen residues 34 and 110 of CaM due to excluded volume
4, or of the central linker as represented by structijrer of effects for residues in the protein interfdy.For comparison to
both (structure6), increasing the population of an extended these predictions, we calculated the mean-squared end-to-end
conformation R > 50 A). _ distance for the extended 560 A conformation from the

The differences observed in the response of apoCaM andgayssian fit to this population (see Figures 3 and 4). The
Ca*-CaM to urea further suggest that a difference exists in resulting mean-squared distance of 359@00 A2 is signifi-
their unfolding pathways. The unfolding of &aCaM results
in a gradual increase in the amplitude of the extended formation. Eﬁgg \éV;ESnYMé Agu%fgnge:é 'Abggk Mvsl' JBB'(-)F%‘?& 31%% 53122%?4_%&23?9'20 .
In contrast, the results in Figure 5 suggest that an extended(ag) Chattopadhyaya, R.; Meador, W. E.; Means, A. R.; Quiocho, 8. Mol.
conformation of apoCaM is more favored at native conditions (50) 3%;3?:252?% ;r}ggi\l/lgsﬁét Struct. Biol.2003 10, 955-961
relative to slightly denaturing conditions 2M urea. Unfolding (51) Fitzkee, N. C.; Rose, G. Proc. Natl. Acad. Sci. U.S./2004 101, 12497

i i 12505.

of apoCaM at low urea concentrations may result in @ oo, \iicd"| s poniach, S.; Plaxco, K. Wadb. Protein Chem2002 62,
conformation where, as one domain unfolds, enhanced interac- " 241-262. _
tions between domains result in formation of a compact (53) 1F|2tél(<)3e, N. C.; Rose, G. [Proc. Natl. Acad. Sci. U.S.2004 101, 12497

conformation, resulting in a reduced amplitude of the extended (54) Zhou, H.-X.J. Phys. Chem. R002 106 5769-5775.
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cantly less than the values reported from the random-coil distributions still include compact conformations not only
simulations. This comparison strongly suggests that even in theunderscores the conformational heterogeneity of CaM in its
presence 08 M urea, the extended CaM conformation retains unfolded state but also suggests the retention of structural
native structural elements and is not adequately described as deatures that engender less than fully extended conformations,
random coil between residues 34 and 110. even under denaturing conditions.

Another interesting feature of the distributions for both  The results can be understood in the context of two alternative
apoCaM and Cd-CaM concentrations is that the extendee-50  models of the protein folding pathway. One entails a range of
60 A conformation does not dominate the diStribUtiOﬂ, even at intermediate structures, Suggesting a downhill f0|d|ng progres-
8 M urea. The distribution of distances is quite broad and sjon for CaM. The domain structure of CaM, however, suggests
includes a substantial population of compact conformations. This that a distinct unfolding intermediate might exist in the unfolding
result suggests that denatured structures of CaM tend to retairbathway of CaM in which either the C- or N-terminal domain
a large degree of compact structural elements and is consistenht caMm is denatured, while the other domain remains in its
with studies that show that CaM is not completely unfolded at \5tive conformation. Therefore, we favor a second, simpler

6 i i i 1 .. . . . . .
8 M urea:® Unfolding simulations by Paridand co-workers  mnqqel consisting of a single unfolding intermediate characterized
have shown the presence of nativelike mean conformations Ofby a separation of~43 A between donor and acceptor

three polypeptides in an unfolded st&tdhe presence here of
a large population of molecules having structures that are not

fu{!z{ extended averaged over 3 bins suggests that both  j,iermediate structure may consist of one unfolded domain of
Ca™-CaM and apoCaM retain structural elements that resemble CaM, leading to an increase in distance between lobes of CaM

native cc_)nformations, even unde_r unfolding conditions. This from ~34 to~43 A. Continued denaturation, possibly involving
observathn is also consistent with the report of long-range the linker region, is likely responsible for populating the-50
structure in denatured staphylococcal nuclégs®. 60 A conformation. In either picture, however, it is clear that
Conclusions the unfolding pathway for both apoCaM and?C&aM consists
of one or more stable unfolding intermediates.
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