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ABSTRACT. We applied a new method, “proteiiigand interaction using mass spectrometry, titration,
and H/D exchange” (PLIMSTEX) [Zhu, M. M. (2003) Am. Chem. Soc. 125252-5253], to determine

the conformational changes, binding stoichiometry, and binding constants fdrifaractions with
calmodulin (CaM) under varying conditions of electrolyte identity and ionic strength. The outcome shows
that CaM becomes less solvent-accessible and more compact upoiiGding, as revealed by the
PLIMSTEX curve. The formation of CaM4Ca species is the biggest contributor to the shape of the
titration curve, indicating that the formation of this species accounts for the largest conformational change
in the stepwise Ca binding. The C&"™-binding constants, when comparisons permit, agree with those in
the literature within a factor of 3. The binding is influenced by ionic strength and the presence of other
cations, although many of these cations do not cause conformational change in apo-CaM. Furthermore,
Ca*-saturated CaM exhibits larger protection and highet*Gafinity in media of low rather than high

ionic strength. Both Ca and Md* bind to CaM with different affinities, causing different conformational
changes. K, if it does bind, causes no detectable conformational change, and interaction$" afia

CaM in the presence of tj Na, and K" occur with similar affinities and associated changes in solvent
accessibility. These metal ion effects point to nonspecific rather than competitive binding of alkali-metal
ions. The rates of deuterium uptake by the various €alMa species follow a three-group (fast,
intermediate, slow), pseudo-first-order kinetics model. Calcium binding causes the number of amide
hydrogens to shift from the fast to the slow group. The results taken together not only provide new insight
into CaM but also indicate that both PLIMSTEX and kinetic modeling of H/D exchange data may become
general methods for probing protein conformations and quantifying preligiand interactions.

We describe in this paper the application of Hé&Xxchange activate target proteins (for reviews, see rEds-19). Holo-
combined with mass spectrometfy«5) for determining the CaM is dumbbell-shaped with a centi@lhelix separating
conformational changes induced by metal ion binding to a two domains, each containing two calcium-binding sites.
protein. We chose calmodulin (CaM) binding to’Cas a Although the crystal structure of apo-CaM is not known,
template for the development of mass spectrometry in this the solution-structure determination, by heteronuclear NMR
area. Time-dependent changes of both the average mass an@0-22), reveals that the two antiparallel helices in each EF-
the distribution of the masses during deuterium uptake by a hand of apo-CaM become perpendicular upof@inding.
protein may provide insight into its changes in struct@®e ( The resultant movement of the &&binding loops may cause
Several C#&'-binding proteins to which exchange was the o-helices to become tighter and less solvent-accessible
previously applied are human cardiac tropnin § and (23). NMR also shows that Ga binding leads to exposure
recoverin 8). A refolding study of bovine lactalbumin in  of hydrophobic surfaces, promoting binding to targets. The
the presence and absence of Cg) indicates that the rate  regjon linking the domains is an imperfect helix in solution
of the refolding is faster and the amount of protection is (24) and is more flexible than can be indicated by X-ray
higher in the presence of €athan in its absence. crystallography. Calcium binding lowers the Stokes radius

CaM is a ubiquitous Ca-binding protein and the primary (R) of CaM (25) and the isolated domaing@, 27), also

intracellular calcium sensor in eukaryotic cells. When bound indicating that C& -saturated CaM folds to a more compact
to C&", CaM changes conformation, enabling it to bind and form.

f These studies were supported by the National Institutes of Health Calcium ions bind to CaM in a sequential mann2g,(
(Grant No. 2P41RR00954). 29). The average binding constants for the two C-domain
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4814. Fax: (314) 935-7484. E-mail: mgross@wuchem.wustl.edu. i s ; ;
* Present address: ChemRx, South San Francisco, CA 94080. (30, 31). The C&'-binding affinity decreases with an increase

1 Abbreviations: H/D, hydrogen/deuterium; CaM, calmodulin; in the concentration of other cation89( 31). Mg?* binds
PLIMSTEX, quantification of proteirligand interaction using mass  preferentially to the N domair8@—34) with lower affinity

spectrometry, titration, and H/D exchange; ESI-MS, electrospray ;
ionization mass spectrometry; HEPER;[@-hydroxyethyl)piperazine- and less attendant conformational chang§, 36). The

N'-[2-ethanesulfonic acid]); av, average: dev, deviation; RMS, root mean @Pparent C& affinity decreases at physiological [NIg,
square. indicating either a direct competition between#ignd C&*
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in the C&*-binding loop 87) or allosteric effector status for
Mg?" (34). K™ may also bind competitively to the €asite
(29); that binding, however, does not alter the conformation,
suggesting that the effect of 'Kis to screen electrostatic
interactions or to change activity coefficient81( 38).
Questions about the metal ion binding for CaM still remain.

For example, there are large variations in the four macro-
scopic C&"-binding constants possibly because measure-

ments were by different methods under different conditions,
leaving open questions of cooperativity between the two
domains.

Past efforts on CaM illustrate convincingly that the
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After manual desalting in the “load” mode, the injector was
switched to the “inject” mode, and the protein was rapidly
eluted to the mass spectrometer. HPLC was carried out using
a Waters 600MS pump (Milford, MA) with an isocratic flow

of 80% CHCN, 14.9% HO, and 5.1% CHCOOH. The
flow, split by a splitter (LC-packings, San Francisco, CA)
at 10:1, was introduced to the column and then the mass
spectrometer at a flow rate of 3&/min. The spray voltage
was 5.0 kV, and the capillary temperature was 2G0All

data were acquired in the positive-ion mode at unit mass
resolving power betweemv/z 800 andm/z 2000. Normally

10 scans were averaged and processed using Finnigan

complete understanding of protein structure and interactionsXcalibur 1.1 software. The raw data were transformed using

requires many experimental methods. Many of thé'€a
binding properties of CaM are known from X-ray crystal-
lography 89—43), NMR (20—22, 34, 44—47), fluorescence
(26, 31, 48-51), proteolytic footprinting 27, 52—54),
circular dicroism 80, 32, 49, 55, 56), infrared spectroscopy
(57), Raman spectroscop$%), UV (56, 58), atomic absorp-
tion (29, 59), calorimetry 83, 60—62), gel-permeation
chromatography25—27), ultracentrifugation %6, 63, 64),
flow dialysis 29, 33, 61), rapid-density measuremer@sj,
Ca-potential measureme® 66, 67), electron paramagnetic
resonancedp), and mass spectrometry (MS—80).

We reported in 1999 that the titration of CaM with Ta

Bioworks software from Finnigan. The mass centroids of
the “deconvoluted” peaks were used for calculating the
deuterium shift.

LC—ESI-MS with a Q-TOF Mass SpectromefEo.obtain
better resolving power and a more accurate mass assignment,
a Micromass Q-Tof Ultima GLOBAL mass spectrometer
(Manchester, U.K.) with a Z-spray ESI source was used for
some titrations. A solution of 80:19:1 (v/v/v) GEIN/H,O/
HCOOH was introduced into an Opti-Guard C18 column
(10 mmx 1 mm i.d.; Cobert Associates) and then into the
mass spectrometer at a flow rate of;d2min using a Waters
Cap-LC system. The capillary voltage was 3.4 kV, and the

is accompanied by a measurable change in the extent of H/Dsource and desolvation temperatures were 80 and°C50

exchange Z3) Since then, we have improved the experi-

respectively. The cone gas flow was 40 L/h, and the

mental procedure, constructed a means to model the titration,desolvation gas flow was 400 L/h. All data were acquired

and applied the combination to measure binding affinities
of ligands (including metal ions) to proteins. We describe
here the application of the improved methodology, which
we call PLIMSTEX (proteir-ligand interaction using mass
spectrometry, titration, and H/D exchang@&}L), and of a

complementary kinetic approach to explore the effects of

ionic strength and other cations on the?Caffinity of CaM.
This is the first reported application following the introduc-
tion of PLIMSTEX for determining affinity and conforma-
tional changes caused by proteiigand interactions. We

also describe the kinetic analysis, which implements a three-

in the positive-ion mode by using the TOF at 10000 mass
resolving power betweem/z 800 andm/z 2000. Normally
10 scans were summed and processed using MassLynx 3.5.
The molecular mass was determined using the maximum
entropy algorithm (MaxEntl in MassLynx 3.5).

H/D Exchange ProtocolNH,OAc solution was prepared
by dissolving NHOAc in H,O or D,O. The pH was adjusted
to 7.0 using NHOH or NH,OD. HEPES buffer was prepared
by mixing 50 mM HEPES acid and HEPES Na salt isCH
or D,O solutions (other salts were added to both solutions
when needed), to give the final buffer solutions at an apparent

group, pseudo-first-order kinetics model to analyze changespH of 7.4. All pH values reported here were the apparent

in H/D exchange of CaM as a function of time and {da

pH measured directly using a glass electrode without further

The goals are not only to contribute to the substantial effort correction 82) for the D,O solution or BO/H,O exchange
already made to understand CaM but also to test the media. Apo-CaM stock solutions were prepared by dissolving

methodology, which we expect will be ultimately sensitive,
specific, fast, and convenient, as a tool in biophysical
chemistry.

EXPERIMENTAL PROCEDURES

Materials “Calcium-free” porcine calmodulin (MW 16790)
was purchased from Ocean Biologics Co. (Edmonds, WA).
Glass-distilled DO was obtained from Cambridge Isotope
Laboratories, Inc. (Andover, MA). Deionized water (18.2
MQ) was generated from a Millipore water filtering device
(Bedford, MA). Other chemicals were obtained from Sigma-
Aldrich (St. Louis, MO) at the highest purity available.

LC/ESI-MS with an lon-Trap Mass Spectromet&sSl

lyophilized CaM in various aqueous buffer solutions to give
3 mM (for exchange at 99:1 JO/H,O) or 200 uM (for
exchange at 90:10 O/H,0). A C&" stock solution was
prepared by dissolving Caglh the same buffer/salt solutions
to give 200 mM (for exchange in 99:1,0/H,0) or 40 mM
(for exchange in 90:10 f®/H,0). For the titration in
NH4OAc and HEPES/KN@solutions, Ca(OAg)or Ca(NQ),
was used as the €asource. Individual Ca solutions used
in each titration were prepared by diluting the stock'Ca
with aqueous buffer. For Catitrations in 99:1 RO/H,0,

1 uL of apo-CaM was incubated with 4L of CaCl, for 30
min, and 198:L of D,O (containing the same concentration
of buffer and salt as the protein solution) was added to initiate

mass spectra were obtained with a Finnigan Classic LCQH/D exchange. For Ca titrations in 90:10@'H,0, 7.5uL
ion-trap mass spectrometer (San Jose, CA) with an electro-of apo-CaM was incubated with 2:4 of CaCk for 30 min,
spray-ionization source. The sample was loaded onto aand 90uL of D,O (with the same concentration of buffer

Zorbax C-18 SBW column (10 mm 0.32 mm i.d.; Micro-
tech Scientific, Vista, CA) using a six-pore Rheodyne 7725

manual sample injector (Cobert Associates, St. Louis, MO).

and salt) was added to initiate the exchange.
Titrations with Mg* and K" were conducted in a similar
way by replacing CaGlwith MgCl, or KCI, respectively.
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Because the binding properties of these ions are different,
the highest ligand total concentrations for’?GaMg?", and

K* used in these H/D exchange titrations were 1, 100, and
300 mM, respectively. All incubations and H/D exchanges
were carried out at room temperature (2125 °C). The
final concentration of CaM in H/D exchange media was 15
uM in all the experiments reported here.

The H/D exchange kinetics was investigated with similar
incubations of CaM and Caligand but in a larger volume
(e.g., 20QuL). The time for exchange was started when the
D,O (with the same buffer and salt as in®) was added.

At each time point, 1Q:L of H/D exchange solution was
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Ficure 1: Typical ESI mass spectra from LCQ for porcine
calmodulin after H/D exchange fd h (A) before and (B) after

17500

taken out for quenching and analysis. All the incubation and geconvolution (MW of apo-CaM without H/D exchange 16790,
H/D exchange kinetics experiments were conducted at 21.2[CaM] = 15 uM, [Ca2*] = 20 uM, H/D exchange in 99% D

+ 0.5 °C. The final concentration of CaM in the H/D
exchange solution was 18V for all the experiments.

The H/D exchange protocol involves a high D/H ratio in
the forward exchange and a high H/D ratio in the back-

with 20 mM NH,OAc, quenching, desalting, eluting at pH 2.5).

The analysis component solved for selected underlying
unknown parametersi(and H;) in a sequence of trials. In

exchange, and carries the added advantages of in siteach trial, the search algorithm postulated a set of average

desalting. At various points in the titration or kinetic
experiments, the D solution containing the exchanging
protein, calcium, buffer, and salts was quenched with cold
1 M HCI (to drop the pH to 2.5) and then loaded onto a
small C18 guard column, which was cooled at® with
ice and preequilibrated with 1Q4 of ice-cold formic acid
solution (pH 2.5). The immobilized protein was then back-
exchanged and desalted with ice-cold formic acid solution
(pH 2.5). The resulting protein was rapidly eluted by using
an isocratic flow of solvent with high organic content and
at a measured pH of 2.5, and then introduced by ESI into a
Finnigan LCQ or Micromass Q-Tof Ultima.

Modeling of the Titration Cure. A description of the
modeling can be found in another pap8B8)(

Modeling of Forward HD Exchange KineticsThe H/D
exchange data were fitted with a three-group kinetic model

rate constantsk(, k, ks) and the number of exchangeable
amide hydrogens in each groudi( H,, Hz). The residuals

of the trial are the differences between the experimentally
measured overall shift in masa;(, with [ > 0) between the
protonated and deuterated prote#, are the experimental
times. The error of the triad was measured as the root mean
square (RMS) of the residuals:

M—-1
e=( Z)[Aj,l - D(Hlakij,o) - D(Hzakz’ALo) -
£
D(Hya — Ho — Hyks A 91)/MIY (4)

M is the total number of time points for each set of kinetic
experiments. The search was conducted with the “Minimize”
function in Mathcad to minimize the trial error. The initial

in which all exchangeable amide hydrogens (from the values for the search were guesses often informed by
For each group of amide hydrogenS, the deuterium exchangéet of kinetic data was fitted Separately. The results were
reaction is assumed to obey pseudo-first-order kinetics (eqthen averaged, and standard or average deviations were
1) with an average rate constant kf D(H;k;t) is the reported.

RESULTS AND DISCUSSION

1)

Advantages of the Impred HD Exchange ProtocoWe
deuterium uptake for each group of hydrogens measured injimproved the H/D exchange protocol described in our first
the experimentt; is the number of exchangeable hydrogens report 3) and realized several advantages in sensitivity and
in each group. The percentage of@in the H/D exchange  mass resolving power, as can be seen by typical mass spectral
solution was represented aga = 0.99 for the experiments  data shown in Figure 1. First, we are now able to do the
reported here), antlis time in minutes. exchange in solutions containing high concentrations of salt

Therefore, the total number of exchangeable amide and buffer. Because the pH is decreased and metal cations
hydrogens Ko = 145 for CaM on the basis of the are removed prior to MS analysis, all forms of the protein
sequence) equals the sum of the number of exchangeablgevert back to the apo state, giving minimal signal dispersion
hydrogens in each group € 1, fast;i = 2, intermediatej and a good signal-to-noise ratio. Concentrating the protein
= 3, slow): on a guard column prior to introduction into the mass
spectrometer allows us to use lower amounts than with our
previous protocol. By increasing the volume of the exchange
solution injected onto column, we can obtain ESI mass
spectra of the protein exchanged at low concentration (e.g.,
108 M) with quality similar to that at high concentration
(1075 M). Normally, 10 pmol of protein per injection is
sufficient for good ESI-MS analysis. This new H/D exchange
protocol also improves the mass resolving power because

D(H, k.t) = aH(1 — &™)

3
total — Hi =145

H )

All rate constants were constrained by the following relation-
ship:

K >k, > ky > 0 ©)
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FiGure 2: (A) Ca titration for 154M porcine calmodulin in 50
mM HEPES (pH 7.4T = 21.5°C, 90% DO). Error bars are based
on the deviation from two sets of Q-TOF data. The solid curve is
the best fit for the average data using the four-parameter model.
(B) Species fraction as a function of total FChfor CaM interacting

with four C&+.

metal ion interference is removed. By maintaining a high
D:H ratio (99:1 or 90:1) in the forward exchange and a high
H:D ratio (>100:1) in the back-exchange, we find a narrow
isotope distribution and concomitant improved mass resolv-
ing power (Figure 1). By manually desalting on the guard
column and eluting rapidly with a high concentration of
organic in the LC solvent, we maintain the time between
guenching and MS analysis to be less than 1 min, minimizing

Biochemistry, Vol. 42, No. 51, 20035391

experimental errors in measuring the deuterium uptake of
apo-CaM, we also took, as a variable (search parameter).
The fitted curve for the C4 titration of CaM in 50 mM
HEPES buffer is shown as a solid line (Figure 2A). One
hour was an appropriate time to measure the extent of
exchange because it had reached the steady state with a
significant difference at that time in the extent of exchange
between apo- and holo-CaM. With the first additions of'Ca
the extent of H/D exchange either stayed constant or
increased slightly, indicating no gain and perhaps a slight
loss of protection for CaM with binding of one &a As
more C&" was added, the extent of H/D exchange dropped
dramatically and leveled off when the protein was saturated
with Ca&*.

The interactions with the first one or two calcium ions do
not perturb CaM’s conformation in a significant way.
Therefore, we could not obtalt; andK; from the titration,
and we took these constants from published florescence
studies that were done under comparable pH and ionic
strength 81). Modeling the titration curve gavgs and .,
from which we could calculat&; andK,. The two literature
sequential binding constants ag = 2.51 x 1®° M~* and
K, =5.01 x 10f M1, whereaX; = 7.12 x 10* M~ and
Ks=1.10x 1 M~ come from PLIMSTEX. The binding
polynomial shows that apo-CaM (CaMdCa) disappears
quickly with an increase of total [G§. CaM—1Ca and
CaM—3Ca never become abundant but give way quickly to
CaM—2Ca and CaM4Ca, respectively, substantiating co-

back-exchange. For example, when we applied this protocoloperativity in the binding. The major changes in fractional

to the small peptide melittin, we found fully deuterated
peptide ions, indicating that the back-exchange of amide
deuterons was nearly negligible.

Ca" Titration of Calmodulin To explore the C4 binding
and the resulting conformational changes to CaM, we applied
PLIMSTEX (81) to CaM—Ca interactions. A plot of the mass

species occur between the formation of Ca®Ca and that

of CaM—4Ca, which is mirrored by the titration curve, where
the greatest difference in exchange also occurs as-€aM
2Ca goes to CaM4Ca. After the fourth CH is bound, the
extent of exchange drops to its lowest level and becomes
nearly constant. None of the nonspecific binding of more

differences between the deuterated and nondeuterated CaMhan four C&" ions is registered in the titration, indicating

(defined as deuterium uptake) as a function of the total
concentration of Ca (Figure 2A) forms the titration curve.

To understand the shape of the titration curve, we calculated,

using previously reported macroscopic binding constants
(38), the binding fractions of CGa-bound species of CaM,
CaM—xCa (x = 1—4) as a function of the total concentration
of C&* (the resulting graph is very similar to that in Figure
2B). Given that the titration data are nearly the mirror image
of the CaM-4Ca species fraction (compare panels A and
B-4 of Figure 2), we conclude that the formation of CaM
4Ca plays the major role in the determination of the general
shape of the CaMCa titration curve. The similarity suggests
that we could fit the titration data by using a 1:4 protein
C&" sequential-binding model, assuming that the change in
H/D exchange behavior is due principally to an increase in
protection afforded in the Cai4Ca form. On the basis of
this assumption, we built a four-parametgs, (31, AD4 and

Do) fitting program for modeling the titration data, whefe

(i = 1—4) refers to the overall equilibrium binding constants,

that if further binding to C& occurs, it does not cause any
significant conformational changes in the protein.

The fractional-species calculation of the?Gé&#ound CaM
species, CaMxCa x = 0—4) is based on the macroscopic
binding constant&; andK, extracted from our titration data
and theK; andK; from the literature (Figure 2B). The curves
are nearly identical wheik; and K, are taken from the
literature.

The stepwise macroscopic binding constait3, (which
are readily calculated frorfl;, compare favorably with the
literature values (Table 1). (The standard deviations for the
various search parameters are based on two independent
titrations.) PLIMSTEX gives the macroscopic binding con-
stants K3 and K;). The average affinity for binding the last
two C&" ions [(K3K4)3 agrees with literature value8§1)
within a factor of 3. &4/K3 (38) is much greater than 1,
indicating that there is positive cooperativity for binding of
the last two C&" ions. When the input values &f; and K;
for the four-parameter modeling procedure were artificially

ADy, is the change in the extent of exchange as a result ofincreased or decreased by a factor of 8, bfthand 54

binding four C&" ions compared to that of apo-CaM, and
Dy is the extent of exchange of the apo-CaB8) Because
the binding of the fourth, and possibly the third,*Cas
important in changing the conformation of CaM, orfly
and 3, were searched in the model [for the calculation of
K3, we tookp, from the literature 8)]. To account for any

predicted by four-parameter fitting changed, but the calcu-
lated K4 remained nearly constant (within a factor of 1.2)
and K3 only varied within a factor of 2. Thu¥; and K,
calculated from the curve fitting are relatively insensitive to
the choice ofK; and K, which could be estimated for a
new, unknown protein or taken from the literature. The
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Table 1: Binding Affinities Obtained from Ca Titrations of Porcine 145
Calmodulir? @
a
7-parameter = 1331 * g .
4-parameter fit model lit. =
fit model (B3, fa, Do, AD;,  value = a _ (b) T
param (B3, B4, Do, ADs)  AD,, ADs, ADs)  (31) 3 120 T T
g |
B3 (L0M 1) 9+2 25+0.6 5.0 2
Ba (LPM Y 10+ 3 3+1 16 i
Ks (10*M™Y) 7+2 2.0+ 0.5 4.0 g 1081 - © 5
K4 (105M1) 1.1+04 1.2+ 05 3.2 i —
(KsKg)? (10*M 7Y 9+1 5.0+ 0.8 11
Do 126.7+ 0.3 128.4+ 0.8
AD; 0 -1+9 95 T T T T
AD, 0 354+ 0.7 0 0.2 0.4 0.6 0.8 1
283 12 gi 0.3 1%‘ Ssi é;’ Total Concentration of Ca%* (mM)
4 . . . .
RMS 1.0 0.8 FiGURe 4: Ca titration of 15uM porcine CaM in three different

media (99% DO): (a) 50 mM HEPES/0.1 M KCI, apparent pH

“[CaM] = 15uM, in 50 mM HEPES, 90% BD, apparent pH 7.4, 7 4. (h)"50 mM HEPES, apparent pH 7.4: (c) 2 mM JOAc,

T=215°C apparent pH 7.0. Error bars were based on two sets of LCQ titration
data. Solid curves are from the four-parameter model and are the
130 best fit for the average data.
Table 2: Binding Affinity and Changes in H/D Exchange for
= 125 Porcine Calmodulin Titrated with Gain Different Media&
E M+ rel rel rel
“'; added ﬁ3b ﬂ4c K3K4d AD4e Dof
= 120 Na' ¢ 0.001 0.003 0.05 4.2 139.2
£ Lito 0.001 0.004 0.06 6 139.6
E Kt+9 0.005 0.006 0.08 6 139.9
s 1157 I I 1 NH4 "9 0.002 0.001 0.01 8.9 1391
= 1 T, Cs'9 0.002  0.002  0.03 9 1386
50 MM HEPES 1 1 1« 16 140.2
110 T T T T 2mMNHOAC" 8x10F 4x10°P 14x 100 34 140.4
(] 0.2 0.4 0.6 0.8 1

aBased on duplicate LCQ titration data for each experiment, av RMS
Total Concentration of CaZ* (mM) = 0.8 u.bAv rel dev= 8.¢9Av rel dev= 2.¢Av dev= 1 u.fAv

. . . = [¢] h
FiGURE 3: Seven-parameter curve fit for 181 porcine calmodulin dev=0.4 u.In 100 mM M*/50 mM HEPES (pH 7.4)*No other

ip— TM-3 R — 1 -4 k —
titrated with C&* in 50 mM HEPES (same experimental data as i/la_ltzs. Bs =1 x 107 M1 fa = 6 x 107 M™% BKaks = 5 x 10°
in Figure 2). :

goodness of the fit was measured as the RMS of the errorthat CaM-2Ca and CaM-4Ca species have more compact
between the predicted and the experimentally measuredstructures than does the apo form, whereas the negslilye
deuterium shift; the RMS for the simple four-parameter is evidence that the addition of the firstTaauses CaM to
fitting is 1.0 u. lose some protection. Because there is positive cooperativity
The positiveAD,, which indicates that binding four €a  between the first two and the second twd*Ghinding steps
ions to the protein causes13 amide linkages to be more in CaM, causing CaM1Ca and CaM-3Ca to be the least
protected against forward H/D exchange compared to thoseabundant species during the binding process, the uncertainties
of apo-CaM, should be viewed as a quantitative measure offor AD; and ADz are much greater than fadD, and AD,,
the conformational change. The gain in protection is due to respectively. Although the seven-parameter model gives a
either a direct ligand interaction or a global conformational better fit than the four-parameter model, especially for the
change, or both. Ca-loaded CaM apparently has a more initial part of the titration, it does require a large number of
compact structure than apo-CaM, making the protein lesspoints. Furthermore, it is more sensitive to the experimental
solvent-accessible. This interpretation is consistent with that errors in the data, and gives less reproducible results for the
for gel-filtration results in which the Stokes radius of CaM binding constants. Therefore, we will use the four-parameter
decreased when CaM was saturated witB"das). model for the analysis of the titration data taken for this
The main drawback of the four-parameter model is that it study.
did not fit well the initial part of the titration curve because Effect of lonic Strength and Other Cations in Cal@a
we ignored contributions to exchange by all?Gaound Binding The improved H/D exchange protocol (particularly
species other than CaMiCa. To better correlate the data, the on-line desalting before ESI-MS) allows us to explore
we implemented a seven-parameiy, (34, Do, AD1, ADy, C&*" binding to CaM not only of 1M CaM in 2 mM
AD3, andAD,4) model to take into account any changes in NH4OAc but also under conditions where the ammonium
exchange due to all five CaiMkCa k = 0—4) species acetate is replaced with 50 mM HEPES or 50 mM HEPES
(Figure 3). The search results for the seven-parameter fit arewith 100 mM KCI (Figure 4). The latter conditions are
also summarized in Table 1. The resulting fit not only similar to physiological conditions of cellular solutions. The
accommodates the data early in the titration but also gives aAD, (Table 2) decreases dramatically from low-ionic-strength
better fit (RMS= 0.8 u). The positive\D, andAD, suggest media (2 mM NHOAC) to high-ionic-strength media (50
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FiIGURE 5: Ca titration of 154M porcine calmodulin in 50 mM FicurRe 6: Comparison of (a) K, (b) Mg?t, and (c) C&" titrations
H.EPES .and' 100 mM ionic chlprldes: (a) NaCl, open triangles; (b) of porcine CaM (15«M CaM, in 50 mM HEPES, apparent pH
LiCl, solid triangles; (c) KCI, circles; (d) NkCI, solid squares; (€) 7.4, 90% BO in H/D exchange media, exchange for 1 h). The
CsCl, open squares; (f) no added salt, tilted squares (99%biD solid curves are best fits as judged by the eye.

H/D exchange media, based on two sets of LCQ data for each

titration, giving an average deviation of 0.8 u). Solid curves arel-the effect of K may be due to a screen of electrostatic

the best fits for the average data using the four-parameter model., i . o o
g g P interactions or a change in activity coefficien8l(38). To
mM HEPES with 100 mM KCI). The midpoints of the curves better understand the effect offKa K titration of 15uM

shift from low [C&]ww to higher [C& i, indicating a Caleas conducted_ (Figure 6). The extent of.exchange
reduced Ca-binding affinity. The solid lines in Figure 4 are remains constant for increases from 0 to 300 mM in the total

the best-fit curves, and the model giy&sand [1 and. K™ concentration, indicating that no detectable conforma-
were calculated from previously reportéd andK, values ~ tional change occurs with added"KThe repulsive forces
determined at comparable pH and ionic streng®]( The of negatively charged amino acids in the?Gainding sites

Ce*-binding affinity (KsK.) decreases by approximately 4 of an EF-hand protein can be overcome by interaction with
orders of magnitude with an increase in ionic strength and ¢&tions, and highly charged cations would be more effective
[K*] from 2 mM to greater than 100 mM, in agreement with than singly charged ions. Furthermore, the effective ionic
results from other methodg9, 31). The agreement supports  radius of K" is larger than that of Ca by 38%, suggesting
the validity of the mass spectrometric approach to determin-that_s'ze also contributes to the selectivity of metal ion
ing binding affinities. When KCI was replaced by KN binding.

the H/D exchange media, the new?Cditration curve was Another important ion in the cell is Mg. Although the
nearly identical with the former, indicating that the anion intracellular Mg* concentration is approximately 1 mNa4),
does not play an important role in €abinding to CaM. the concentration of monovalent cations is in the- @12

To explore the effect of other monovalent cations of'Ca M range and the calcium level is as low as 1M in the
binding, we carried out similar Catitrations (Figure 5) in resting cell (but can transiently increase by&orders of
50 mM HEPES with 100 mM LiCl, NaCl, CsCl, or Ni&l. magnitude). When we conducted a’Cétration of CaM in
Increasing the concentration of these monovalent ions, unlike1 mM MgCl,, the affinity and conformational change in the
increasing [C&'], does not cause a conformational change transition between apo-CaM and holo-CaM (data not shown)
in apo-CaM, but does alter the €ainding to CaM (Table became smaller compared to that of a Ca titration in the
2). At neutral pH, these cations may partially neutralize absence of M (top curve in Figure 4). When CaM is
CaM’s negative charges, reducing the electrostatic interac-titrated with Mg " (Figure 6), it does become more protected
tions between the protein and €aand minimizing the although the attendant conformational change is much less
conformational change that occurs upor?Chinding. The than that induced by G& The affinity of CaM for Mg (low
monovalent ions may also change the conformational millimolar range) is also much smaller than that for’Ca
dynamics of the protein especially in its Tebound state,  The interpretation is consistent with those drawn from other
allowing the protein to exist longer in the more solvent- methods 85—37). Because the effective ionic radius of kg
accessible state. (0.81 A) is smaller than that of €a(1.06 A), Mg?* requires

The C&*-titration curves obtained in the presence of LiCI a more compact ligand sphere. Unlike?Cawhich often
and NaCl are similar to those obtained in 100 mM KCI. The coordinates with seven oxygen atoms in pentagonal-
curves in the presence of CsCl or MH, however, fall bipyramidal geometry in Ga-binding proteins, Mg" prefers
between those obtained in the presence of HEPES/KCI anda coordination number of 6 and more frequently uses nitrogen
in the absence of added salt."Gsxd NH;* are less effective  as a ligand. Thus, the size and coordination environment
in diminishing the conformational change than are the smaller contribute to the selection of €aover Mg" in C&*-binding
alkaline ions Li, Na*, and K", possibly because the larger sites 85). A comparison of K, Mg?t, and C&" titrations
ionic radii of Cs" and NH," decrease their effective charge. under similar experimental conditions (Figure 6) clearly

Haiech and co-workers2@) concluded that K binds demonstrates that binding with €ais most favored and
competitively to the CH site. Two-dimensionatH NMR induces the largest conformational change whereaddés
studies of the fragments, however, show that potassiumnot cause any detectable change, and*™Mmas intermediate
binding does not alter the protein conformation. Alternatively, effects. These data indicate that, althougl*Cand Mg*
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Ficure 7: Forward H/D exchange kinetics for different CaM Ficure 8: Forward H/D exchange kinetics for 181 holo-CaM

xCa species: (a) CaMOCa (apo-CaM), tilted squares; (b) CaM (CaM—4Ca). On they-axis, the natural logarithm of the number

1Ca, open circles; (c) Caiv2Ca, open squares; (d) CaMCa of protected hydrogens in the protein is shown asliag — D/a)

(holo-CaM), triangles (1@M CaM, in 50 mM HEPES/0.1 M KCl, whereD is the same deuterium uptake as shown in Figure 7 for

apparent pH 7.4, 99% Jf0). The data are the average of at least CaM—4Ca,Hya = 145 for CaM, anda = 99%. The solid curve

two runs under identical experimental conditions. The error bars is the best fit using the three-group kinetics model. The three lines

are the average deviation for duplicates or standard deviation for (y = —kit + In H;, wherek; andH; are the rate constant and number

quartets. Solid lines are the best fit for the average data from the of hydrogens for each rate group based on modeling average data

three-group kinetics model. from four experiments) are first-order kinetics representations for
the three groups of hydrogens: (a) fast groyps —2.71919 +

bind specifically with CaM, K interacts via a nonspecific, N(75.7355); (b) intermediate group= 0.089341 + In(50.9197);
ionic-strength effect. (c) slow group,y = —0.0042438 + In(18.3448).

Forward HD Exchange Kinetics for CaMxCa Fractions  the average exchange rates. The three straight lines in Figure
To obtain a better understanding of the titration of CaM with g are shown using the rate constdqti(= 1—3) as the slope

C&", we measured the kinetics of the forward H/D exchange and the numbers of hydrogens in each gradp |(: ]_—3)

for CaM as a function of [Cé]icar We chose [C8 o ON as intercepts. Only the line constructed for the slow group
the basis of the fractional SpeCieS calculation so as to giVe (”ne cin Figure 8) Over|aps the data at |0ng exchange time
maximum concentrations of various CaMa species (€.9.,  (j.e.,t > 60 min). Lines a and b for the intermediate and
50 mM HEPES/100 mM KCI; Ce concentrations of O,  fast groups do not overlap the experimental data. Thus, an
0019, and 0.046 mM giVe the maXimum relative concentra- approach &8) that aims to f|tgraph|ca"ythe data into three
tions of apo-CaM, Cam1Ca, and CaM-2Ca, respectively).  straight lines will often fail to provide accurate rate constants
The exchange kinetics for holo-CaM was measured at 0.49r extents of exchange for the fast and intermediate groups,
MM [C&*]iora, Where CaM-4Ca is the predominant species. pecause the contribution from one group to the other is
At each of the C# total concentrations except for 0, there ignored in the line fittings. Our model overcomes this
are other CaM-Ca species present (Figure 2B), and the rate disadvantage by using multiexponential nonlinear least-
constants are averaged over all the species present. AlthougRquares regression to fit directly the nonlinear kinetics

the uptake of deuterium became nearly constant &fteof data.
exchange (Figure 7), there remain a small number of For better comparison of different &abinding fractions,
protected amide hydrogens (no less than 6 of 145). we constrained the total number of amide hydrogeéhga(

At different pH values and temperatures, the exchange = H; + H, + Hs) on the basis of the protein sequence (145
rates of amide hydrogens can vary by several orders ofexchangeable amide hydrogens in CaM). All three rate
magnitude because changes in the primary sequence, hyeonstantsk;, ks, ks) and the number of hydrogens in each
drogen bonding, and high-order structure can occur. Severalgroup Hi, Hz, H3) were treated as positive variables. The
research groups demonstrated that the exchange rates daolid lines in Figure 7 give the smallest RMS. In other
proteins and peptides occur by multiple pseudo-first-order unpublished studies in our laboratory, we found that three
kinetics 86—89). Smith’s group ) proposed that a plot of  classes of rate constants also characterize the kinetics of
deuterium level vs log(time) shows the number of rate exchange for rat intestinal fatty acid binding protef0)
constants and hydrogens that exchange with each ratehuman ras proteind(), and insulin 92).
constant. Demmers and co-workeBs)(separated Ifi{protec) The three rate constants for each CakCa species do
vs time plots into multiple straight lines to show composite not vary significantly under different conditions (Table 3),
first-order kinetics and to estimate, from the intercepts, the further supporting the choice of three groups. The average
number of hydrogens associated with each group. Thevalues of the rate constants are.6, ~0.18, and~0.004
experimental data (triangles in Figure 8) demonstrate thatmin~?, respectively. The number of hydrogens distributed
the forward kinetics is more complicated than single pseudo- into these groups, however, varies significantly for different
first-order kinetics. The solid curve in Figure 8 is the best CaM—Ca species (Table 3). Starting with apo-CaM and
fit from using a three-group, pseudo-first-order kinetics going to CaM-1Ca, CaM-2Ca, and CaM4Ca, we find
model for the same data shown in thevst plot (triangles that the number of fast-exchanging hydrogens decreases
in Figure 7). The good fit justifies the separation of all amide monotonically from 112 to 75 whereas the number of slow-
hydrogens into fast, intermediate, and slow groups based onexchanging hydrogens increases from 6.5 to 18. The number
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Table 3: Average Rate Constants and Number of Amide Hydrogens in Each Rate Group for H/D Exchange of Various Porex@aCaM
Specied

fast intermediate slow
CaM—xCa species ki (min~t) (~3.6) Hi ko (min~t) (~0.18) H, ks (min~t) (~0.004) Hs
CaM—-0Ca 2.4+ 0.4 112+ 2 0.12+ 0.02 26+ 2 0.003+ 0.001 6.5+ 0.9
CaM—1Ca 7.2+:0.6 99+ 4 0.314+0.02 39+ 4 0.0024+ 0.0003 7.14+0.1
CaM—-2Ca 2.0+0.2 93+ 4 0.1940.03 414+ 4 0.0051+ 0.0004 11.A4-0.3
CaM—4Ca 2.8+0.2 75+ 2 0.094+ 0.01 51+ 3 0.0044 0.001 18+ 3

aBased on at least two sets of Q-TOF kinetics data for each experiment; measured in 100 mM KCI/50 mM HEPES, appareifit-p2T.2,
+ 0.5°C.

of hydrogens in the intermediate group also increased. This 150

distribution is a “signature” of CaM’s conformation and
should be a useful indicator for other proteins. Fast-
exchanging hydrogens are likely to be located on the surface,
whereas slow ones are protected by high-order structure,
hydrogen bonding, or ligand interactions. More hydrogens
shifting from fast to intermediate and slow groups upoA'Ca
binding is consistent with a global folding of CaM into a
more compact, less solvent-accessible form. 20

The kinetic results also shed light on the results from the
C&* titrations. Taking a certain sampling time point (e.g., 70 ' ‘ ‘ . .
60 min) for the titration produces a view that is a weighted 0 30 60 90 120 150 180
superposition of all protein conformation concentrations as

a function of metal ion (ligand) concentration. Choosing a F o F 4 H/D exch Kinetics f caM and hol
different time leads to a view with a different weighting. 'GVRE®: Forwar exchange Kinetics for apo-L.ail and holo-

. CaM in two diff t media (99% : -CaM in 50 mM
For example, at 60 min, where the H/D exchange has becommgpég/%oo r;,areK%LmS%”ﬁlt(”tedOS%Du)aréas); ?t'ﬁ’)"apﬁ_cgr;,, in r; mM
nearly constant, the fast and intermediate hydrogens haveNH,OAc, open tilted squares; (c) holo-CaM in HEPES/KCI, solid
reached equilibrium, so their weight in the superposition is triangles; (d) holo-CaM in 2 mM NKDAc, open triangles. The
nearly zero, but those in the slow group are still exchanging, Tor bars are based on at least two sets of Q-TOF data, and the
so their weight is dominant. At the start of the titration, apo solid curves are the best fits from the three-group kinetics model.
CaM is the main species, and it has the smallest number of —
slow-exchanging h[;drogens (is least protected). As a result TagleH 4|: %S,tvlr'bm$ n OTVIR?-; Constants for H/D Exchange of Apo-

' 'an olo-CaM In Two Medi

we see the highest extent of exchange. At the latter stages
of the titration, holo-CaM is predominant, has the largest . :
population of slow-exchanging hydrogens among all the kfiSt '”tke[“ed'ate slow
CaM—xCa species, and gives the strongest titration signal. (a~23  (~014  (ks~0.003

130

110

Deterium Uptake

Time (min)

no. of exchangeable amide hydrogens

. L 2 . H/D exchange system  min™?) min~?) min—1)
The middle part of the titration curve represents a superposi- -
tion of various CaM-xCa species. Differences in kinetics ~2P0-GaM in HEPES/KCI 112 26 6.5
R . . . apo-CaM in NHOAc 99 39 6.5
will give different uptakes of deuterium as a function of pgjo-cam in HEPES/KCI 75 51 18
sampling time; indeed, if no change in H/D exchange kinetics holo-CaM in NHOAc 59 34.7 51

were observed for different ligand-binding species, the = apgased on at least two sets of Q-TOF data for each system. The
titration curve would be a horizontal line. Thus, PLIMSTEX average deviation for the number of hydrogens in each group is about

will work under these conditions only if there is a change in 2.
the solvent accessibility as the ligand is added. When there

are no differences at long time, methods such as pulsedihe number of hydrogens in the slow group shows little
labeling and rapid mixing may apply because the methods change (Table 4). The outcome is consistent with the

sample fast exchanget { < 1 s). observation that the top two curves in Figure 9 for apo-CaM
H/D Exchange Kinetics for Apo- and Holo-CaM in in these two different media are slightly different initially
Different Media The C&" titrations in high- vs low-ionic- but overlap at longer exchange timds> 40 min). The

strength media indicate that the CaM conformational behav- kinetic results answer the question of why the two*'Ga
ior is medium-dependent (Figure 5). Other researcherstitration curves &l h (Figure 4) start at the same deuterium
reported that Ca binding to CaM is insensitive to pH changes level but level off at different extents of exchange for the
in the range of 6.48.3 at six different KCI concentrations  holo-CaM. There are a smaller number of fast amide hydro-
(93). To gain further understanding of the medium effect, gens (59 vs 75) and more slow exchangers (51 vs 18) for
we measured forward exchange kinetics for apo- and holo-the holo-CaM in the low-ionic-strength medium than in the
CaM at low and high ionic strength (Figure 9). The solid high-ionic-strength medium (Table 4). Therefore, the curve
lines are the best fits from the three-group kinetic model. obtained for 2 mM NHOACc presents a slower apparent rate
Thirteen fast-exchanging amide hydrogens in apo-CaM shift and much lower extent of H/D exchange than that obtained
to the intermediate group when the medium is changed fromwhen the medium is HEPES/KCI (bottom two curves in
high (HEPES/KCI) to low ionic strength (NJDAc), whereas Figure 9). The difference in kinetics also shows that, at 1 h,
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there is much more protection to exchange at low ionic REFERENCES

strength compared to that at high ionic strength. 1

CONCLUSION
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a biochemical problem. We show that the application of the
method yields binding constants for Cal@e’* interactions,
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