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Dissection of the Pathway of Molecular Recognition by Calmodulin
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ABSTRACT: Amide hydrogen exchange has been used to examine the structural dynamics and energetics
of the interaction of a peptide corresponding to the calmodulin-binding domain of smooth muscle myosin
light chain kinase (smMLCKp) with calcium-saturated calmodulin. Heteronuclear RMRH correlation
spectroscopy was used to quantify amide proton exchange rates of the uniféNyibbeled domain

bound to calmodulin. A key feature of a proposed model for molecular recognition by calmodulin [Ehrhardt

et al. (1995Biochemistry 342731-2738] is tested by examination of the dependence of amide hydrogen
exchange on applied hydrostatic pressure. Hydrogen exchange rates and corresponding protection factors
(1/Kop) for individual amide protons of the bound smMLCKp domain span 5 orders of magnitude at
ambient pressure. Individual protection factors decrease significantly in a linear fashion with increasing
hydrostatic pressure. A common pressure dependence is revealed by a constant large negative volume
change across the residues comprising the core of the bound helical domain. The pattern of protection
factors and their response to hydrostatic pressure is consistent with a structural reorganization that results
in the concerted disruption of ion pairs between calmodulin and the bound domain. These observations
reinforce a model for the molecular recognition pathway where formation of the initial encounter complex

is followed by helix-coil transitions in the bound state and subsequent concerted formation of the extensive
ion pair network defining the intermolecular contact surface between CaM and the target domain in the
final, compact complex structure.

Calcium is a ubiquitous signal in eukaryotes that is both a series of crystallographic and NMR-based studies. In all
controlled and transmitted by a series of calcium-binding states and complexes examined thus far, calmodulin is found
proteins, commonly referred to as EF-hand proteins. Calm-to be composed of two structurally homologous globular
odulin (CaM} is a relatively small (148 amino acids) acidic domains. In the calcium-free state, each domain of calm-
protein that acts as a primary intracellular calcium sensor odulin is comprised of a four-helix bundle and the two
protein, regulating target proteins through protegimotein domains are bridged by a long helix that is dynamically
interactions in a calcium-dependent manner and ultimately disordered at its center5,(6). There are no significant
transducing the initial Ca signal into a wide range of  contacts between the two globular domains. Upon binding
cellular events and processes [for a review, see Crivici and calcium, each globular domain reorganizes its tertiary
Ikura (1)]. The association of calmodulin and its various structure to form two helixloop—helix or EF-hand motifs
targets of C&'-regulated association are well studied, yet a (7). This structural rearrangement exposes a large surface
mechanistic description of target activation is still confounded to solvent that will ultimately form extensive hydrophobic
by the apparently diverse target sequences and numerousand ionic contacts with the target domain. Again, in the free
often disparate, activities that are regulated by this protein but calcium-activated state, the two globular domains of
(1-4). calmodulin are tethered together by a bridging helix that is

The basic structural paradigm for calcium-dependent dynamically disordered at its cente)( The calmodulin-
molecular recognition by calmodulin has been revealed by binding domains of proteins bound by calmodulin are
generally composed of short basic and contiguous am-
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1 Abbreviations: Bis-Tris, bis(2-hydroxyethyl)aminotris(hydroxy- (12), the intermolecular interface involves extensive hydro-
methyl)methane; CaM, calcium-saturated recombinant chicken calm- phobic and polar interactions, including the so-called hy-

odulin; DSS, 2,2-dimethyl-2-silapentane-5-sulfonate; IPTG, isopropyl 4rophobic anchor residues of SmMLCKp and their interac-
[-D-thiogalactopyranoside; NMR, nuclear magnetic resonance; smML-

CKp, calmodulin recognition peptide from smooth muscle myosin light tions with the h_ydmphObiC pa.tCheS of CaM. The peptide
chain kinase. adopts ana-helical conformation when bound to CaM,
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though it is predominantly an unstructured random coil in ClI (Isotech) with 0.2% of either unlabeledglucose (Sigma-
the free state 9—11). The intermolecular interface is Aldrich) or [U-13Cs-99%]-D-glucose as the sole nitrogen and
characterized by extensive interactions between methioninecarbon sources, respectively. Afieh induction by addition
residues of calmodulin and hydrophobic groups of the bound of 1 mM IPTG, cells were harvested, lysed by sonication,
domain and between glutamic acid side chains of CaM and and clarified by centrifugation, followed by initial purification
basic groups of the bound domain. Structural variations using a N=NTA His-bind column (Novagen). Thrombin
around this basic theme have been subsequently observedleavage of purified fusion proteins was performed in 50
(9-11, 13-17). mM NaCl, 20 mM Tris, 2.5 mM CagGJ pH 8.4; the cleaved
Though a great deal is known about the structural mixture was immediately passed over a Q-Sepharose fast
endpoints of the molecular recognition process, much lessflow resin (Pharmacia). The smMLCKp peptide was col-
is known about how calmodulin initially recognizes a target lected in the flow-through and purified by @versed-phase
domain, how it collapses from an initial encounter complex chromatography (Vydack). Purity is typically 98% as
to the final compact state, or the energetics of these eventsanalyzed by electrospray mass spectroscopy (Washington
and associated structural changes. Hydrogen exchangéJniversity, St. Louis). Routine yields of HPLC-purified
methods in principle allow access to the equilibrium manifold peptide are 2.(xmol (5 mg) per liter of cell growth.
of states and have been employed to probe the energetics The complex between smMLCKp and CaM was formed
and structural forms involved in molecular recognition by under dilute solution conditions, typically below 20
calmodulin (L8). Here hydrostatic pressure is combined with protein, to avoid excessive heat of reaction upon complex-
hydrogen exchange methods to probe the energetics of theation 22), by titration of smMLCKp into a 1525% molar
CaM-smMLCKp complex. The potential pressure sensitivity excess of calmodulin. The molar excess of calmodulin
of the stability of ion pair interactions has been exploited ensures that the peptide is overwhelmingly in the bound state.
previously to probe the role of ion pairs in the equilibrium The final concentration of labeled peptide in all NMR
structure of a complex involving apocalmodulit9f. Pres- experiments was 2.0 mM, with CaM added in—120%
sure perturbation of the manifold of states available to the excess (except where indicated in the text). Buffer conditions
CaM-smMLCKp complex is used to discover the nature of for assignments and hydrogen exchange experiments were
ion pair formation in the molecular recognition process. The 100 mM KCI, 20 mM Bis-Tris or imidazole, 20 mM Cagl
working model presented by Ehrhardt et dl8)(implicitly 0.02% NaN, with varied pH of 6.6-6.5, and 56-70% D,O
requires the concerted formation of a number of ion pairs for hydrogen exchange experiments and 10%O Cfor
during a major structural reorganization leading to the final assignment spectra.
compact structure. Residue-specific information is gathered NMR and Fluorescence Spectroscopyiclear magnetic
from the pressure dependence of the amide hydrogenresonance spectra were recorded on Varian Inova spectrom-
exchange behavior of the smMLCKp domain bound to eters operating at 600 and 750 MHHYJ, using a standard
calmodulin. Both the magnitudes and pattern of apparent freeVarian 5 mm triple-resonance probe with 3-axis pulse field
energy changes and corresponding volume changes assocgradients. Proton chemical shifts were referenced to an
ated with hydrogen exchange in the bound domain are external standard of DSS in,D; 3C andN chemical shifts
consistent with concerted formation of ion pairs between were determined from th#H chemical shift of DSS using
calmodulin and the target domain. These observationsthe ratio method of Sykes and co-workei7), For all
reinforce a central component of the working model for experiments, théH carrier frequency was set to the water
molecular recognition by calmoduliri§). resonance. The sample temperature was set to 303 K.
Complete backbone resonance assignments were based on
MATERIALS AND METHODS the following NMR experiments: (£H-N HSQC @8, 29);
Protein Purification and Sample PreparatioRecombi- (2) *H-13C constant-time HSQG3(); (3) CBCA(CO)NH @1,
nant chicken calmodulin was prepared in a manner similar 32); (4) HNCACB (32, 33); (5) HNCO 32, 34); (6) HN-
to that described previousI2Q, 21). Briefly, overexpression  (CA)CO (35); and (7)'°N-edited 3D NOESY 29). All 3D

of the chicken CaM gene was performedEn coli BL21- experiments were recorded with common carrier frequencies
(DEB) cells grown on minimal media, followed by purifica- and spectral widths. The 3D NOESY data were recorded
tion using phenyl-Sepharose affinity chromatograp®3— with a mixing time of 80 ms. Quadrature detection in the

24). The DNA encoding the smMLCKp sequence and indirect time domain was accomplished using the method
employing codon usage optimal for expressiokircoli was of States et al. 36). ®N-resolved experiments employed
subcloned from a previously described fusion protein expres-z-axis pulsed-field gradient sensitivity enhancem&g 87,

sion system Z5), and inserted into a modified pET-32b  38). Solvent suppression was achieved in all experiments
vector (Novagen) using standard methods. This vector with H,O flip-back pulses and pulsed-field gradien29,(
contains the IPTG-inducable T7 promoter and thioredoxin 39). All NMR spectra were processed using the software
fusion protein 26) and was used to transforin coli BL21- package FELIX (Molecular Simulations Inc.).

(DES3) cells. The final smMLCKp peptide sequence, GSAR-  Hydrogen exchange rates were determined u&ihéfN
RKWQKTGHAVRAIGRLS, includes a vestigial N-terminal  HSQC spectraZ8, 29) collected serially up to 4000 min, as
Gly-Ser that is retained after thrombin digestion of the required. The length of each individual experiment varied
thioredoxin-smMLCKp fusion protein. This is the result of between approximately 10 and 80 min{@&4 scans per free
utilizing a BanHI restriction site within the thrombin  induction decay, respectively). Samples were prepared by
cleavage site of the vector. For overexpressiort®fJf and one of two methods; either by hydrating lyophilized CaM
[**C '5N]-labeled thioredoxirsmMLCKp fusion proteins,  [**N]-smMLCKp complex with HO in a volume equivalent
cells were grown on minimal media containing 0.1%4H,- to 30—50% of the final volume, or by concentrating samples
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to 30% final volume via centricon filters. After 30 min of Q
equilibration, the hydrogen exchange reaction was initiated 16 - T
by dilution of the sample with BD buffer, bringing the final -
solutions to 56-70% D,O. Observed hydrogen exchange o QEHE QeHE? - g
(kong rates were determined from amide cross-peak intensities o
fit to a monoexponential decay as described previouty. ( B kamrHit =
Under the EX2 condition of amide hydrogen exchange, };‘E
the effective equilibrium constant for hydrogen bond break- V12 o - =
ing (Kop) Or its inverse, the protection factor, can be obtained 6 g6 - o £
from kops and the intrinsic rate of exchanglen) using eq Kloogy 0. — = g
1 (41, 42). The intrinsic rate of exchange for a given amide B o - =
was calculated using the empirical corrections for sequence R13° o0 OA11 S
and solution conditions (isotope content, pH, temperature, a0 7 o - =
pressure) 43—45). The effective local stability for the oR13H -
hydrogen bond is then determinable by eq 2. 23 et "REHET F o
*RI7HE! -
KopKeneniCal] Ko WoHE! =
Kobs = m ~ (Ep)kchen[cat] = KogkenenlCat] E o
| p hem | (1) IHI||H||HH[IIH]ITH“\I\[lH!llHl[lHl\lH! 9
. 10.0 9.0 8.0 7.0 6.0
AGEX = —(RT) In Kop (2) 1H (ppm)

High-pressure NMR experiments were performed with an £08E <l Tt o0 e e ated. The
apparatus that utilizes a hlgh-pressure NMR tube teChn_'quespectrurﬁ as shown was collected af@) pH 6.0, ambient pressure
that allows _mOdem NMR experiments to be pgrforrned IN & in the presence of 100 mM KCI, 20 mM Bis-Tris, and 20 mM
standard triple-resonance probe without modificatidi® ( CaCb (10% D,0). The cross-peaks corresponding to the side chain
46). The 5 mm single-crystal sapphire NMR tube is fitted H¢ amide protons of the four arginines and théa#nino protons

in a BeCu charging valve with hydraulic pressurization ©f €ither Lys4 or Lys7 are folded in this spectrum.

applied via a hand-driven pump system. The advantages of pg5ckhone resonance assignments# [5N]-smMLCKp
using a high-pressure NMR tube in a standard NMR probe ,nd to Cat-saturated calmodulin were completed using

over modified high-pressure probe designs include full triple- giadard assignment strategies (Materials and Methods).
resonance ca_pability, narrow line widths (0.5, tunable Briefly, using three-dimensional HNCACB, CBCA(CO)NH,
pressure, quick assembly, and low sample volumes. TheyncO, and HN(CA)CO spectra, complete backbone assign-
nominal sample volume used in hydrogen exchange experi-ments were determined for all peptide residues except for
ments was 10@L; samples were separated from the water he N-terminal Gly-Ser dipeptide portion of the sequence.
used to transmit pressure by a layer of mineral oil. High- ¢ assignments, summarized in Figure 1, have been
pressure fluorescence spectroscopy was carried out in aJObi’aeposited in the BioMagRes Bank (BMRB accession no.
Yvon Spex Fluorolog 3 spectrofluorometer using a ISS high- g\RB-5153). The fact that no backbone amide resonances
pressure cell equipped with sapphire windows. are observed for the Gly-Ser dipeptide under these conditions
RESULTS is perhaps not urjexpected given that these residues should
be unstructured in the Cal¥imMLCKp complex 11) and
Sample Preparation and NMR Assignmerisevious may therefore be exchange-broadened in addition to loss of
studies from our group describing the interaction between intensity due to chemical exchange of the attached protons.
the smMLCKp domain and CaM typically utilized peptides At lower pH, where hydrogen exchange rates are slowed,
derived from chemical synthesi9, (18, 20, 47). In those the amide cross-peak of the first serine is observed, though
studies, the smMLCKp peptide was isotropically enriched the glycine is not (not shown). The chemical shifts of the
only at selected sites. To increase the completeness andaurrent complex correspond well to those seen in the complex
robustness of the peptide models used, we have subsequentlwith the synthetic smMLCKp peptide lacking the GS
employed fusion-based recombinant expression of the smallN-terminal extension and having N- and C-terminal blocking
target domains to allow for uniform isotopic enrichmet®,( (9, 20). Helical NOE patterns in smMLCKp observed in these
25). The product resulting from thrombin cleavage of the previous structural investigations of this system were verified
thioredoxin-smMLCKp results in an N-terminal Gly-Ser using a 3D'*N NOESY-HMQC spectrum (not shown).
dipeptide that is not part of the consensus calmodulin-binding Analysis of NOE patterns, chemical shift§1-53), and
sequence48—50). Since we do not generally observe amide hydrogen exchange (see below) suggests that the carbonyl
resonances for these two residues (see below) and they arexygens of the additional N-terminal residues participate in
not typically present in smMLCKp substrates used in other helical hydrogen bonding.
studies, we have elected to employ a numbering system that Native State Hydrogen Exchanddsing peak intensities
begins with the first alanine residue of the peptide, matching derived from serially acquireéH-1>N HSQC spectra, hy-
the previously reported proton assignments of the €aM drogen exchange rates could be measured at pH* 6.0, 25
smMLCKp complex 9, 20). Also, since the peptide used °C, and ambient pressure for 11 of 19 observable backbone
here was produced biosynthetically, the final product is not amide correlations (Figure 2, Table 1). The range of
N-terminal acetylated or C-terminal amidated. measurable amide hydrogen exchange rates forfhg-[
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6 shown). To confirm that the observed hydrogen exchange
E arises dominantly from the bound state and not from the free
1 pr ; dissociated state of the peptide, the rates of exchange were
"""""""""""""" goo0 E measured at SmMLCKp:CaM molar ratios of 1:1.2 and 1:2.5.
1 04' v ® . The resulting exchange rates were essentially identical as
3 was found previously1@), indicating a negligible contribu-
................ 00 K tion of the free (dissociated) state of the domain to the
o op measured hydrogen exchange. A similar exercise was carried
2 out for calcium using Ca:CaM molar ratios of~6:1 and
Of 50:1 with similar results (Figure 2). The importance of
verifying the lack of any exchange rate-dependence on either
free peptide or variable Gaconcentration is that, to probe
0 dynamics of bound smMLCKp peptide, the measured rates
LI O L S must arise from events occurring in the bound state(8)) (
SARRKWQKTGHAVR These results indicate that the observed rates are dominated
Residue by exchange arising from a CaM-bound conformation, not
FiGURe 2: Hydrogen exchange profiles for backbone amide [TOM @ dissociated peptide state, under all conditions explored
hydrogens of the smMLCKp peptide bound to calcium-saturated here.
\Clglgj’g:g’;'uzrﬁégcuggitﬁiﬁ%{g;ﬁl‘;\;ﬁ;‘;‘ﬁ?ﬂg'ﬁgiogf'cr:‘gtl\i) Effective equilibrium constants were determined for the
b P 11 smMLCKp residues with observable hydrogen exchange

[**N]-smMLCKp (1.15:1 molar ratio) in the presence of either 6 k . -
mM CaCb (v) or 50 mM CaC} (@), corresponding to roughly 1 rates (Figure 2, Table 1) according to the empirical factors

108 ;.1()

Protection Factor

10V 10

Q_
>
o
=
ri_
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mM excess and a 10-fold excess of free?Caespectively. of Bai et al. @3). The distribution of protection factors
(1/Kop) indicates a pattern that is characteristic of a helix.
Table 1: Pressure Dependence of Hydrogen Exchange in the Residues in the first and last helical turns have a gradient of
smMLCKp Domain Bound to Calcium-Saturated Calmodulin increasing stability away from the helical boundaries. This
AGYy AVE, pattern matches the expected distribution of helix propensities
residué  Kpy (x10%)  (kcalmor?) (mL mol?) r*(n) predicted from helix-coil theory, noting that the amideNd
Thr8 0.16 5740.3) —-53(5) 0.986 (6) of the first four residues of aa-helix do not participate in
Gly9 3.9 7.6¢0.2) —80(x4)  0.948(10) a main chain hydrogen bond. Though no protection factors
C';’}E 2'21 ?';'fég'ig :;i &%) 8‘35 ((g)) could be determined for the first seven residues, NOEs are
Arg13 0.36 62403) -78(5  0.939(9) observed from the amide proton of Trp5 té &hd H protons
Alal4 0.17 7.140.2) —68(*4) 0.937(12) of Lys4. Also, a weak NOE is observed from Lys¥itb
lle15 0.60 6.5¢0.4) —71(7)  0.970(13) Arg3H* along with a strong NOE observed between Ly¥4H
Gly16 0.093 5.440.3) —63(*5)  0.898(8)

to water; no NOE peaks are observed for residues N-terminal
2 KP, AGPy, andAVy, values are obtained from linear fits of the  of Lys4. These observations are consistent with Alal or Arg2
Kop Values determined at various hydrostatic pressures, &€2%he being the first residues of the smMLCKp peptide in a helical

number_(]) of pressures used and the Pearson coeffl(_:lent of cogrelatlon conformation and the amide of Trp5 being the first to be
for the linear regressiorrd) are also shown. Error estimates®G,,,
hydrogen-bonded.

values are determined from the regression analysis. Indiviciyablues
are calculated from measured hydrogen exchange rejgsdivided There are several minor differences between the results
b¥ tlze pr.edil‘:tgd(;”t’i”Si‘? dratet.Of Ch?mica' eXCha”ge?Q- Cta_'cut'ation ., obtained previously with the chemically synthesized smML-
(o) hem INClUAEA conslderation O sequence, solvent Isotope, s . . .
temperature, and pressure [see Fuenteqs and Wiidahd includgs ap CKp pePt'de ) ‘_':md the reSL.".tS described here usmg the
correction for theApH of Bis-Tris, using 3.1 mL/mol for th&V° of recombinant domain. The additional Gly-Ser present in the
buffer ionization 44). Individual kops Kehem andKop values for each recombinant peptide apparently extends the helical boundary
residue at each pressure are listed in Table 1 of the Supporting by one residue relative to the synthetic peptide. Furthermore,
Information.® Numbering adjusted to conform to the previous smML- the protection factors of the recombinant peptide (Figure 3)

CKp peptide sequence [see Ehrhardt et B8)]( Hydrogen exchange .
rates could not be measured at a sufficient number of pressures to obtaird'€ Uniformly smaller by a factor o+10 than seen for the

accuratek’y, AGY, and AVo, for Gly(—2), Ser-1), Alal, Arg2, synthetic .peptide, cor_respon_d'ing to a d'if.ference oflb
Arg3, Lys4, Trp5, GIn6, Lys7, His10, Argl7, Lys18, and Ser19. kcal/mol in AGpx. This additional stability corresponds
closely to the effects of N- and C-terminal blocking on the

smMLCKp domain bound to CaM ranged from 0.03 rin stability of the a-helix .(54—56). In addition, the presence
(GIn6) to 0.0007 mint (Val12). Under these conditions, ©f @ charged C-terminal carboxyl group decreakgsm
hydrogen exchange rates for A1-W5, H10, R17, and L18 sufficiently to aIIovy the amlde_of Serl9 to be observed. The
are too rapid to measure by the method of serial acquisition above results obtained at ambient pressure Iargely.recapl_tulate
of HSQC spectra. Exchange rates for Q6, K7, and S19 arethe results of Ehrhardt et all§) and serve as a starting point
only measurable at ambient pressure in a standard 5 mmfor the current study.

NMR tube. The fact that the exchange rate of His10 is too  Pressure Dependence of Hydrogen Exchafe physi-

fast to observe under these conditions is the result of cal origin of “opening” events that result in exchange of
protonation of the His10 imidazole ring (in the free state, amides in the high-affinity CaMmMLCKp complex is of

see below) and a corresponding acceleration of the intrinsic central interest to the current work. Over the past decade, it
chemical exchange rate. The presence of the so-called EX2has become clear that hydrogen exchange phenomena in
limit was confirmed by variation of pH and temperature (not proteins can arise from a potentially complicated superposi-
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the dependence &fG° on pressure is first-order, and eq 4
reduces to

AG(py) = AG*(py) + (AV°)(p, — o) (5)

The effect of applied hydrostatic pressure on tHe'*N
HSQC spectra of the smMLCK@aM complex is minor,
producing only small variations in chemical shift at the
highest pressures used for NMR spectroscopy (100 MPa).
Fluorescence emission spectroscopy confirmed that the
peptide did not dissociate at pressures as high as 300 MPa
(the limit of the apparatus) and at concentrations as low as
100 nM (the limit of detection in the high-pressure cell).

Normalized Intensity

 ESLUNLI B S S M St R S E S B S S B N B BN S BN S S R

0 200 400 600 800 1000 The K, of the peptide was estimated by dilution to be less
than 10 nM at ambient pressure.

. Due to the relatively small active volume of the sapphire
Ficure 3: Amide hydrogen exchange of the CevhMLCKp NMR tube, the signal intensity is reduced by an order of

time (min)

complex as a function of applied hydrostatic pressure. Shown are : :
representative amide hydrogen exchange curves for Alal4 of themagnltude r_el_atlve toa star_1dard ° mm .NMR tube. As_ a
bound smMLCKp domain at ambient pressure (0.1 MPa), 50 MPa, result, the minimal length of time required is roughly 45 min

and 100 MPa. per individual HSQC in order to obtain data of sufficient
quality to permit determination of hydrogen exchange rates;
tion of distinct physical events that lead to breakage of optimal data collection requires roughly 80 min per HSQC.
hydrogen bonds and exposure of amide hydrogens to solveniEven with additional signal averaging, the precision of the
(57—60). Deconvolution of these various contributions to hydrogen exchange data is not as high as one typically
hydrogen exchange at a given amide site is often madeobserves for hydrogen exchange experiments. In the previous
possible by use of perturbation of the manifold of structural application of this high-pressure NMR system to studies of
states of the protein in a way that identifies and distinguishes amide hydrogen exchange in the protein apocytochriege
one state from another. Initially, perturbation using chemical (46), the problem of low signal intensity was in part
denaturant and, to lesser extent, temperature was employe@vercome by increasing the protein concentration to 4 mM.
for this purpose (e.g40, 61—-66). More recently, it has been  The CaMsmMLCKp complex is limited to a maximum
illustrated that hydrostatic pressure is also a useful perturbantconcentration of 2 mM due to aggregation of the complex
and provides highly complementary information about the at higher concentrations.
nature of the equilibrium underlying hydrogen exchange The effect of pressure on the rate of hydrogen exchange
phenomenad, 46). Here pressure is particularly useful since is significant. Representative hydrogen exchange curves for
it has the unique potential of selectively destabilizing Alal4 of the bound smMLCKp peptide are shown in Figure
(detecting) ionic interactions in a background of extensive 4. Increasing hydrostatic pressure leads to an increase in the
interactions not involving explicit charge (hydrogen bonding; observed rate of hydrogen exchange. Over the full range,

hydrophobic van der Waals’ interactiong)9]. the observed exchange rate increases by a factor of 15, while
The change in the free energy between two presspses, the chemical exchange raten) for this residue increases
andpy, is formally expressed as by a factor of 1.45. A total of 18 separate experiments were
conducted at 13 different pressures ranging from ambient
A =A + [PAV pressure up t(_) 100 MPa (Figure 4). Replicate measurements
G(py) = AG(py) fpo dp (3) made at ambient pressure, 10 MPa, and at 50, 80, and 100

MPa allowed for estimation of the precision of the obtained
In the absence of an explicit functional form for the pressure rates. The confidence intervals in the fitted free energies for
dependence of a particular system, eq 3 is usually expresseghdividual experiments (Table 1) are representative of the
by a Taylor series expansion about the reference pressuretrue accuracy as determined by replicate experiments. Note

Po. For small ¢b: that amide exchange rates are not determined for every
residue at every pressure; for example, the observed amide

R . o[ dAV® exchange rate of Thr8 is too rapid to be accurately measured

AG(py) = AG"(po) + (AV°)(Ap) + (Ap) ( dp )+ above 50 MPa. Fits of the data to eq 4 indicate a linear

2 dependence of the free enerdyGx, over the entire pressure

(A p) (d AV ) . (4 range. A linear dependence on pressure suggests that a single
equilibrium process dominates the response of this system

to pressure and that the higher order terms in eq 4 are

where AG® and AV° are the standard molar quantities of negligible over the pressure range used. Independent fits to

the system at the reference pressyig,and Ap = (p1 — the data in Figure 4 indicate a commaiv,x value of —74

pPo). The second-order term arises from the difference in (£6) mL/mol for the “plateau” region, the stretch of residues

isothermal compressibility between the two stats)(and from G9 to G16, with a somewhat reduca¥yx value of

is defined as{0AV/dp)r. The third-order term arises from —53 (£5) mL/mol for Thr8 (Table 1). The pressure

the pressure dependence of the differential isothermal dependence of individuahGux values is shown in Figure

compressibility, d«/dp. When Ax) and d\«/dp are small, 4. At the highest pressure employed, the residue-specific
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In the current application of hydrogen exchange to the
problem of target recognition by calmodulin, we focus on
the ensemble of states leading to exchange of smMLCKp
amide hydrogens while bound to the calcium-saturated
calmodulin. The NMR data describing the CevhMLCKp
complex indicate the peptide is bound in anhelical
conformation 9, 11). The majority of amide protons are
involved in hydrogen bonds throughout the smMLCKp
sequence; amides for the first several residues are solvent-
exposed. This is consistent with our observations (Figure 2),
as well as our previous hydrogen exchange studies of this
CaM—peptide complex ¥8), that the rates of hydrogen
exchange for the first six residues are rapid with protection
factors that approach unity. Protection factors for the
hydrogen-bonded amide protons at the ends of the helical
segment are on the order of 3QL0, corresponding to
residue-specific stability constants on the order of 5 kcal/
mol (Figure 5 and Table 1). The largest protection factors
for smMLCKp amides are on the order of®l@omprising
a “plateau” region in the center of the helix from Gly9 to
lle15. The residue-specific stabilihGyx, for these residues
is on the order of 7 kcal/mol. The decrease in slowing factors
on the N- and C-terminal sides of residues in the plateau
] region is observed to be relatively smooth and occurs over
31 a relatively small range, decreasing on average by a factor
B AL AL LA S AL LAAAL A MM AR M LA A of 2.5 per residue, a value consistent with a highly solvated
0 10 20 30 40 50 60 70 8 90 100 110 120 helix (67) but not with a well-packed helix that is an integral

Pressure (MPa) unit of secondary structure, where increments on the order

] o ) of factors of 10 per residue are often seen. In apparent
FiIGURE 4: Pressure dependencefByx of individual residues of L . .
the sMMLCKp domain bound to CaM. Lines correspond to fits of contradiction, however, the protection factors of the residues

the pressure dependence to eq 5. Solid lines correspond to residuedt the helical termini (19 are inconsistent with a free highly
with equivalent fittedAVy, values, within error. The dotted line  solvated peptide. These basic features were invoked to
represents the fit oAGy, for Thr8, the only residue with a support the model proposed by Ehrhardt et &8) (shown

significantly different AV}. For clarity, the data have been .. ; _
separated into two panels:. (panel A) residues TB Glya (O), in Figure 6. The model is further supported by the observa

Alall (v), and Vall2 ¢): (panel B) residues Arglam), Alal4 tion that thep-amino acid analogue of smMLCKp binds
(0), llels (@), and Gly16 ©). avidly to calmodulin as a left-handed-helix but does not

permit collapse §8). The model predicts that general
stabilities for the “plateau” region are decreased on averagenonspecific or transient interactions between the (random
by 1.8 kcal/mol, or roughly a 25% destabilization of the total c¢oil) peptide and the surface of CaM induce helicity, via
stability of these residues measured at ambient pressure. Th@|assical helix-coil transitions, in the bound domain but that
profile of protection factors that is present at ambient pressuresjmyltaneous ion pair formation, not possible in thamino
(Figure 2) persists at all pressures, denoting an approximatelyacid analogue, is required for collapse to the final compact
uniform response of the smMLCKp amide exchange to complex structure. In addition, kinetic studie69¢72)
applied hydrostatic pressure. indicate a two-phase process that would be consistent with

rapid formation of the initial “open” encounter complex and
DISCUSSION slower conversion, involving concerted ion pair formation

Basic principles of thermodynamics require that ensemblesto the final structuré.
of macromolecules sample not only their lowest free energy  In the current study, we elected to use pressure to detect
state, but also all possible higher energy states with somethe presence of a state of the bound domain that arises from
finite probability. Just as proteins fold and unfold in solution, the formation of a large amount of charge, i.e., to test for
macromolecular complexes cycle through bound and free the large-scale structural reorganization involving concerted
conformations as well as all other states accessible to theion pair formation suggested by Figure 6. This approach
individual molecules. Hydrogen exchange techniques arerelies on the phenomenon of electrostriction where solvation
grounded in the fact that exchange generally occurs from of ions by water can often result in a significant decrease in
those high-energy conformations that are populated accordingsystem volume (3, 74). Thus, an equilibrium between an
to Boltzmann factors, though they represent only a small intimate ion pair, which is polar but not explicitly charged,
fraction of the total population of the system. These minor and its separated and individually solvated charged compo-
forms are invisible to most experimental techniques but can
be detected by hydrogen exchange because the dominant 2The terms “open” and “closed” should not be confused with their
(hydrogen-bonded) state is hydrogen exchange incompetent’se to 9escr|be the relative orientation of helices in EF-hands. Here
. closed” refers to the final compact structure of the complex seen, for

and therefore does not contribute to the observed rate Ofgxample, in the crystal structurg) while “open” refers to the state-
exchange. (s) enclosed in parentheses in Figure 6.

AGHX (kcal/mol)

AGHX (kcal/mol)
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FicurRe 5: Schematic illustration of the profile of hydrogen exchange in smMLCKp bound to CaM at ambient pressure (panel A) and 100
MPa (panel B). The topmost line indicates the expected binding free energy based on spectroscopic measuremegs; vitloefeM.

nents is pushed to the dissociated state by application of The structural transition characterized by the cooperative
hydrostatic pressure. In contrast, disruption of interactions loss of ion pairs and other intermolecular contacts between
not involving explicit charges (e.g., hydrogen bonds) gener- calmodulin and the bound domain is associated with a
ally does not result in significant electrostriction. This unimolecular (i.e., associated complex) equilibrium constant
provides a route for the molecular dissection of ion pair on the order of 10* (AG;, ~ 5 kcal/mol). The free energy
interactions from other types of interactiori). change associated with this structural transitig) is

The model outlined in Figure 6 would predict a large apparently the dominant contribution from calmodulin
negative volume change due to electrostriction associateddomain interactions to the overall free energy of binding.
with disruption of the ion pairs involved at the interface Though the crystal structure of the CalvhMLCKp complex
between the domain and calmodulin in the compact “closed” does not reveal the charge state of ionizable groups at the
complex upon transition to the “open” structure. A concerted interface, it does suggest the presence of two intermolecular
transition, which would entail simultaneous disruption of the Intéractions involving residues in the core of smMLCKp
ion pairs, would be manifested uniformly across all residues Sequence. Lys7 and Arg13 (Arg17) of the peptide are close
involved in that transition. The effect of applied hydrostatic [0 the CaM side chains of E114 and E84, respective. (
pressure on peptide hydrogen exchange is a general accelerd-n€ chemical shifts and pH dependence of the stability of
tion of the observed exchange rate for each amide indicatingth® complex (not shown) are both consistent with ion pairing
a pressure-induced shift in the overall equilibrium toward P€tween these groups. Itis important to note that the chemical
the hydrogen-exchange competent states. Individual fits of Shifts of imidazole ring resonances of His10 of the smML-
AGuy values as a function of pressure indicate the effective CKP domain indicate that it is not charged in the compact
stabilities of STMLCKp amides vary linearly with pressure complex, consistent with its role in intermolecular hydrogen

(Figure 4 and Table 1). This simplifies considerably the Ponding rather than ion pairing. N
interpretation Of the pressure dependence_ |mportant|y' The Surface—aSSOCIated he‘HEOH transitions Of the bound

residues in the core of the bound helical domain are domain span an ensemble of structures (the states enclosed
uniformly affected by pressure and have an averAygx by parentheses in Figure 6) that is characterized by an
value of =74 (£6) mL/mol. The uniformity, sign, and equilibrium constant on the order of 1(AGp: ~ 2 kcal/
magnitude of the volume change are consistent with the Mol). The apparent change in free energy measured by
simultaneous disruption of-24 ion pairs during the structural  hydrogen exchange\Guy, is derived from the structural
transition. On this basis alone, there is some ambiguity in "éarrangement associated with breaking of ion p#is;,

the number of ion pairs involved since the volume change @nd loss of helical hydrogen bondsGn.. The balance of
associated with electrostriction arising from separated ion the free energy of dissociatiork§ ~ 10-9) arises from
pairs is variable. Nevertheless, the magnitude of the observedormation of the initial encounter complex.

volume change is simply too large to arise solely from  In summary, the results presented here are consistent with
nonionic interactions, which are generally found to involve the multistep equilibrium outlined in Figure 6. The pressure
volume changes an order of magnitude or more smai®r ( sensitive step is associated with the loss of intermolecular
Furthermore, the observed volume change is quite similarionic contacts and an opening (solvation) of the complex,
to that observed for a pressure-induced structural transitionas outlined above. Based on the structure of the CaM
in a complex between apocalmodulin and the calmodulin- SMMLCKp complex, many of the contacts observed in the
binding domain of neuromodulinl@). In that case, the intermolecular interface would require the bound peptide to
change in free energy associated with the structural transitionadopt a helical conformation in order to be formdd)(

was small enough to allow for the transition to be directly  While induction of anx-helical conformation is important
monitored by NMR spectroscopy, which thereby allowed for for CaM association in the study of short recognition
an unequivocal demonstration that the disruption of two sequences, conformational transitions of whole targets ac-
intermolecular ion pairs occurred. companying CaM binding may be a general feature of
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Ficure 6: lllustration of a physical model for molecular recognition
by calcium-saturated calmodulin (CaM) (red) of the smMLCKp
domain (blue). The random coil smMLCKp domain associates with
CaM, forming an initial encounter compleK{,J. General surface
and perhaps hydrophobic anchoring interactions promote helix
formation on the surface of calmodulin, resulting in an “open”
complex structureKpo). Upon completion of the core helical region
of the bound smMLCKp domain, concerted ion pairing can occur,
with formation of other types of intermolecular contacts, and lead
to the final compact “closed” globular compleK;f). The final
collapse occurs with aAV}y ~ +74 (£6) mL/mol which is
largely due to the loss of electrostriction of water upon formation
of the intimate ion pairs (see text). Figures were prepared using
MOLMOL (80) and employed the coordinates from Meador et al.
(9—11), PDB code: 1cdl.

calcium-regulated activation. Though structural information
on whole proteins that are regulated by calmodulin is sparse,
in the case of the CaM-activated protein kinase | (CaMKI)
the recognition sequence is not fully helic&5). In this
system, the autoinhibitory sequence overlaps with the calm-
odulin recognition sequence, with the full regulatory se-
guence occluding the active site, thereby blocking substrate
entry. The C-terminal portion of the CaM recognition
sequence of this protein is partly helical though it is “random
coil” around residue Trp303 (the important anchoring tryp-
tophan) that is exposed to solvent. Two initial molecular

Kranz et al.

recognition scenarios are therefore suggested. In one, CaM
utilizes this exposed tryptophan as the initial recognition
element, followed by the conformational rearrangements
suggested by Figure 6 that result in the exposure of the active
site of the kinase. Another mechanism could simply involve
the autoinhibitory/CaM recognition sequence occasionally
diffusing from the active site and entering the scheme
outlined above. The analogies between the CaaMKI
system and the CalddmMLCKp system can be easily drawn

as the pseudosubstrate model is also apparently applicable
to the smooth muscle myosin light chain kinase enzyme,
from which the smMLCKp is derived. The pseudosubstrate
sequence of smMLCK has been shown to overlap with the
CaM recognition sequencer®), and replacement of the
autoinhibitory sequence with a substrate sequence showed
autophosphorylation in the absence of CaM)(

The view provided by the hydrogen exchange studies
described here is fundamentally thermodynamic in nature
and, in the absence of additional constraints, cannot define
the kinetic or temporal relationships between the various
states identified 18, 79). However, the biphasic kinetics
observed for the binding of calmodulin-binding domains to
CaM (69—72) would appear to support the temporal rela-
tionships suggested by Figure 6. The cooperativity of the
structural transition, which is made apparent by the uniform
pressure dependence, is ascribed to a concerted formation
and subsequent burial of intermolecular ion pairs. Structur-
ally, these ion pairings are made most likely by the presence
of extensiven-helical structure. Hence it is natural to ascribe
the fast kinetic phase of binding to passage from the initial
encounter complex to the fully formed but highly solvent-
exposed helical smMLCKp domain bound in an “open”
complex. The relatively large barrier giving rise to the slower
phase of binding would then be associated with the large-
scale reorganization of the domains of calmodulin, intermo-
lecular ion pair formation, and expulsion of water leading
to the final compact “closed” complex structure.

SUPPORTING INFORMATION AVAILABLE

One table of observed hydrogen exchange rates, intrinsic
chemical exchange rates, and effective opening constants for
individual residues at various hydrostatic pressures. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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