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Abstract The biological environment in which a protein

performs its function is a crowded milieu containing millions

of molecules that can potentially lead to a great many tran-

sient, non-specific interactions. NMR spectroscopy is espe-

cially well suited to study these weak molecular contacts.

Here, non-specific interactions between the Ca2?-bound

form of calmodulin (CaM) and non-cognate proteins in

Escherichia coli lysate are explored using Ile, Leu, Val and

Met methyl probes. Changes in CaM methyl chemical shifts

as a function of added E. coli lysate are measured to deter-

mine a minimum ‘average’ dissociation constant for inter-

actions between Ca2?-CaM and E. coli lysate proteins. 2H R2

and 13C R1 spin relaxation rates report on the binding reac-

tion as well. Our results further highlight the power of methyl

containing side-chains for characterizing biomolecular

interactions, even in complex in-cell like environments.

Keywords Deuterium relaxation � Chemical shift

titration � In ‘‘cell-like’’ � Methyl side-chain dynamics �
13CHD2 methyl isotopomers

Introduction

The cellular environment is a complex, heterogeneous

mixture of molecules, with protein concentrations that can

approach 400 g/L (Fulton 1982; Neidhardt 1987). Such high

levels of macromolecules lead to greater excluded volume

effects and increased viscosity compared to the typical

in vitro conditions in which the majority of biochemical and

biophysical experiments are performed and, therefore, to

changes in protein stability, function, and interactions

(Miklos et al. 2010, 2011; Wang et al. 2011). For example,

weak, non-specific contacts between proteins might be pre-

dicted because of the higher effective in-cell protein con-

centrations (Miklos et al. 2010; Wang et al. 2011).

NMR spectroscopy is particularly well suited for the

characterization of transiently formed, relatively low affinity

complexes. Since such complexes typically exchange rap-

idly between bound and free states, changes in peak positions

as a function of the addition of one of the binding partners can

be quantified to give the dissociation constant, KD, of the

interaction in the classic NMR titration experiment (Camp-

bell and Dwek 1984; Johnson et al. 1996). Other methodol-

ogies have been developed for quantifying the kinetics and

thermodynamics of binding events that occur in the slow

and intermediate exchange time-scale regimes (Ishima and

Torchia 2000; Palmer et al. 2001; Zuiderweg 2002; Mitter-

maier and Kay 2006). The vast majority of such binding

experiments have been performed in carefully controlled

buffer conditions that greatly simplify the analysis of the data

since, for example, concentrations of all of the molecular

players can be controlled. Experiments that are performed

in-cell or under in-cell conditions are more difficult to

interpret, but recently, NMR spectroscopy has emerged as a

powerful technique to study and quantify interactions under

these more biological conditions (Serber et al. 2001; Sakai

et al. 2006; Selenko et al. 2006; Reckel et al. 2007). Several

of these studies have highlighted differences between protein

stability and dynamics in a ‘‘cell-like’’ environment versus a

dilute aqueous buffer (Li and Pielak 2009; Hong and
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Gierasch 2010; Miklos et al. 2010, 2011; Wang et al. 2011;

Latham and Kay 2012).

We have previously used the protein calmodulin (CaM) as a

model system for studying how the cellular environment per-

turbs picosecond (ps)—millisecond (ms) time-scale protein

dynamics (Latham and Kay 2012). Unlike the majority of other

such NMR studies that have exploited backbone amide groups

as reporters, we prepared highly deuterated, Iled1-, Leud-,

Valc- and Mete-13CHD2 methyl labeled protein and focused

on methyl group probes. An excellent correlation for both the

amplitude and the time-scale of methyl containing side-chain

dynamics was observed in a complex of CaM and a high

affinity peptide from smooth muscle myosin light chain kinase,

smMLCK(p) (Ca2?-CaM-smMLCK(p)), dissolved in E. coli

lysate (100 g/L) and in buffer. In contrast, a similar set of

experiments, recorded on lysate and buffer samples of Ca2?-

loaded CaM (Ca2?-CaM) showed that 1H and 13C transverse

relaxation rates of CaM dissolved in lysate were modulated by

an exchange process resulting from interactions with non-

cognate E. coli proteins. Fast time-scale dynamics were not

quantified at that time. In an effort to better understand the

observed exchange process we have performed a titration of

Ca2?-CaM with E. coli lysate. We show that the exchange

between bound and free Ca2?-CaM is fast on the NMR chem-

ical shift time-scale and report a lower bound for an ‘effective’

KD of the binding event. In addition, we illustrate that trans-

verse 2H spin relaxation rates are a powerful reporter of the

non-specific binding events that occur in E. coli lysate. Finally,

differences between interactions of CaM in non-cognate E. coli

and cognate yeast lysate environments are clearly ‘visualized’

in a comparison of methyl 13C-1H correlation spectra.

Materials and methods

Sample preparation

U-[2H,15N], Iled1-[13CHD2], Leud,Valc-[13CHD2], Mete-

[13CHD2] labeled CaM samples were prepared by over-

expression in BL21(DE3) pLysS E. coli in deuterated M9

minimal media with 2H, 13C-glucose (3 g/L) and 15N

ammonium chloride (1 g/L) as the sole carbon and nitrogen

sources, respectively. 13CHD2-labeled precursors were

added 1 h before protein induction, as described by

Tugarinov et al. (Tugarinov et al. 2006). CaM was over-

expressed with 1 mM IPTG for *16 h at 30 �C, purified

as described previously (Latham and Kay 2012) and buffer

exchanged into 20 mM imidazole, pH 6.5 (uncorrected),

100 mM KCl, 6 mM CaCl2, 100 lM NaN3 in 100 % D2O.

Escherichia coli lysate was prepared from BL21(DE3)

pLysS cells grown in LB media supplemented with chlor-

amphenicol (34 lg/mL) until an OD600 *0.9 was reached.

After the cells were separated from the media they were

resuspended in 100 % D2O and lysed. The insoluble material

was removed by centrifugation (39,0009g), and 5 mM ben-

zamidine, 0.1 mg/mL PMSF, 100 lM NaN3 and 6 mM CaCl2
was added to the lysate. The lysate was then filtered through a

0.22 lm syringe filter in order to maximize sample stability.

The size of the filter pores is such that all ingredients of the

lysate can pass through (MW coutoff \4 9 109 Da); by

contrast, intact bacteria are eliminated from the lysate. Finally,

the resultant filtrate is concentrated in a 3 kDa MWCO Am-

icon centrifugal concentrator. Total lysate protein concentra-

tion was determined via the BCA assay (Pierce).

To quantify the interactions between Ca2?-CaM and

non-cognate proteins in E. coli lysate, a titration experi-

ment was performed utilizing two 500 lL, 1 mM Ca2?-

CaM NMR samples. Initially, the samples comprised

Ca2?-CaM in aqueous buffer (sample 1) and Ca2?-CaM in

100 g/L E. coli lysate (sample 2). For each point in the

titration, equal volume aliquots were removed from each

sample and replaced with the aliquot from the other sam-

ple, such that the lysate concentration increased for sample

1 and decreased for sample 2, while the Ca2?-CaM con-

centration remained the same. This procedure was repeated

in 5 g/L steps until both samples reached lysate concen-

trations of 50 g/L total protein, resulting in 22 titration

points (the 50 g/L point was recorded using both samples).

NMR spectroscopy and data analysis

NMR spectra were recorded at 18 �C on a 14.1 T Varian

INOVA spectrometer equipped with a triple-resonance,

z-axis gradient cryogenically cooled probe. 2D 13C–1H

HSQC datasets consisted of 72 9 512 complex points and

acquisition times of 26.7 and 64 ms in the indirect and direct

dimensions, respectively, with a 660 Hz WALTZ-16 2H-

decoupling field (Shaka et al. 1983) applied during the

indirect detection period. Four scans were taken for each

point with an inter-scan delay of 2.5 s, resulting in an

acquisition time of *25 min/dataset. 1H single-quantum

Carr–Purcell–Meiboom–Gill (CPMG) relaxation dispersion

experiments (Carr and Purcell 1954; Meiboom and Gill

1958; Baldwin et al. 2010) were recorded as previously

described (Latham and Kay 2012). 2H R2 and 13C R1 relax-

ation rates were acquired with previously published pulse

sequences (Tugarinov et al. 2005; Tugarinov and Kay 2005).
2H R2 rates were determined by quantifying peak intensities

from 8 parametrically varied relaxation delays between 0.05

and 3 ms, while 13C R1 rates were measured from 7 spectra

recorded with relaxation delays between 0.04 and 2 s.

Relaxation data sets consisted of 72 9 512 complex points,

acquisition times of 26.7 and 64 ms in the indirect and direct

dimensions, respectively and measurement times of *16 h

(*8 h) for the complete 2H R2 (13C R1) series.

NMR spectra were processed using the NMRPipe/

NMRDraw suite of programs (Delaglio et al. 1995) and
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chemical shifts referenced using the residual H2O signal.

For the titration experiment, referencing was verified by

comparing peak positions of 100 lM 13CH3-acetate, that

was added as an internal standard. Ca2-CaM methyl side-

chain 1H and 13C chemical shifts were determined at each

point of the lysate titration by interpolation using CcPNmr

analysis software (Vranken et al. 2005). Changes in

chemical shifts upon addition of lysate were fitted, as

described in the text, to extract per-residue values of CLys,1/2,

the concentration of lysate in g/L required for 50 % bound

CaM, as well as a minimum value for KD. Relaxation rates

were determined from fitting peak intensities using the

nlinLS routine of NMRPipe to a single-exponential decay

function, Ae-Rt, with errors determined from the covari-

ance matrix (Press et al. 1992).

Results and discussion

Ca2?-CaM interacts with lysate

We have previously reported a comparative dynamics study of

CaM in aqueous buffer and in E. coli lysate focusing on methyl

group probes of motion (Latham and Kay 2012). Samples of

U-[2H,15N], Iled1-[13CHD2], Leud,Valc-[13CHD2], Mete-

[13CHD2] labeled CaM were prepared, as described previously

and in Materials and Methods, and a series of 13C, 1H and 2H

spin relaxation experiments performed. Comparative 2D
13C–1H spectra of Ca2?-CaM-smMLCK(p) (Fig. 1a) showed

that the peptide bound form of CaM is relatively inert to lysate,

with essentially no changes to chemical shifts. 13C and 1H

CPMG relaxation dispersion profiles that are sensitive to ms

time-scale exchange events, were recorded on samples of Ca2?-

CaM-smMLCK(p) in buffer and lysate (referred to as buffer

Ca2?-CaM-smMLCK(p) and lysate Ca2?-CaM-smMLCK(p),

respectively). Relatively flat dispersion profiles were obtained

for all residues (compare orange and blue, Fig. 1b), with curves

from the lysate offset relative to those from buffer that reflects a

difference in viscosity and hence intrinsic transverse relaxation

rates in the two solvents. By contrast, very significant differ-

ences in many peak positions were noted in spectra of lysate

Ca2?-CaM relative to buffer Ca2?-CaM, Fig. 1c. Linewidths of

methyl correlations were also substantially larger in the lysate,

reflecting a ms time-scale exchange process, Fig. 1b (compare

green and red). Because these dispersions are quenched upon

addition of the high affinity peptide smMLCK(p), the exchange

was assigned to binding events involving E. coli lysate peptides/

proteins or potentially even smaller metabolites. These are non-

specific interactions in the sense that they arise from weak,

transient associations between eukaryotic Ca2?-CaM and non-

cognate partners from E. coli lysate, localizing to the same

binding site as for higher affinity, native interactions such as

involving the smMLCK(p) peptide.

A Ca2?-CaM, lysate binding isotherm

In an effort to quantify the non-cognate interactions further,

we have carried out a titration whereby increasing amounts

of lysate are added to a solution of Ca2?-CaM, with the

concentration of CaM kept fixed, as summarized in

Materials and Methods. As described above, E. coli lysate

is a complex mixture consisting of a large number of

potential CaM binding targets, and while the concentration

of lysate (g/L) is known for each addition of titrant, the

concentration of binding competent peptides/proteins is

not. In what follows we interpret our data using a simplified

and necessarily incomplete binding model,

CaM þ L�CaM � L ð1Þ

where L refers to a CaM binding partner from the lystate.

In the case of exchange that is fast on the NMR chemical

shift time-scale (see below) the chemical shift of a methyl

probe after addition of aliquot i of the titrant, di, can be

expressed as (Johnson et al. 1996)

Di ¼ di � dF ¼ fB;iðdB � dFÞ ð2Þ

where dF(dB) is the methyl shift in the free(ligand bound)

state and fB,i is the mole fraction of CaM that is bound

to L,

In Eq. (3) CLys,i is the total concentration of added lystate

(g/L) at each aliquot i, [CaM]T is the total concentration of

CaM in the sample (in molar) and a is defined as

a ¼ w

\MW [
ð4Þ

where w is the weight fraction of CaM binding competent

ligand in the lysate and \MW[ is the ‘average’ molecular

weight of a ligand. It follows therefore that aCLys,i is the

total concentration of binding competent ligand (molar) in

the NMR sample. In principle, fits of chemical shift

fB;i ¼
aCLys;i þ ½CaM�T þ KD �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðaCLys;i þ ½CaM�T þ KDÞ2 � 4½CaM�TaCLys;i

q

2½CaM�T
: ð3Þ
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titration profiles (D vs CLys) to Eq. (2) allow extraction of

best fit a and KD values.

Figure 2a highlights a number of regions from 13C–1H

HSQC spectra that were recorded as a function of CLys

showing the ‘migration’ of peaks with added ligand (red to

blue). Of note, all of the 34 peaks that could be quantified

moved on straight lines, as those shown in the Figure,

consistent with a fast exchange process. In addition, values

of populations and chemical shift differences, as obtained

in fits of CPMG relaxation dispersion profiles recorded on

Ca2?-CaM samples at intermediate stages of the titration

were highly correlated, that is expected in the fast

exchange regime (data not shown).

While the assumption of fast exchange appears to be

reasonable (see also below), assuming a single exchange

process is almost certainly an oversimplification. We have

therefore fit each titration curve to a separate isotherm to

extract (a, KD) values. Notably, a and KD are correlated.

That this is the case can be readily seen in a plot of fitting

residual (v2) as a function of KD, for a range of a values in

the vicinity of the best-fit parameters (see ‘‘Appendix’’).

Interestingly, while unique values of (a, KD) cannot be

extracted from fits, it is shown in the Appendix that the (a,

KD) pairs that are obtained describe a linear relation that is

well approximated by

KD ¼ aCLys;1=2 � 0:5½CaM�T ð5Þ

where CLys,1/2 is the value of CLys for which fB = 0.5 (i.e.,

the concentration of lysate in g/L for which 50 % of CaM

is in the bound form). Note that Eq. (5) can be derived from

Eq. (3) by setting fB = 0.5 and solving for the relation

between a and KD. Robust measures for CLys,1/2 can thus be

obtained from fits of the data. In addition, we have also

established that despite the cross-talk between fitted (a,

KD), a trimmed ‘average’ minimum value for KD, KD,min

*0.22 mM can be estimated for the E. coli lysate—Ca2?-

CaM interaction (generated by excluding values out-

side ± two times the standard deviation of the mean;

KD,min values ranging between 0.06 and 0.90 mM for the

34 independent titration curves were obtained, see

‘‘Appendix’’).

Figure 2b shows fits of 13C titration profiles to Eq. (2)

for two typical residues, Ile52d1 and Val108c2 (corre-

sponding 1H curves are insets) along with extracted CLys,1/2

values. A histogram of the distribution of CLys,1/2 is pre-

sented in Fig. 2c; the average value obtained for\CLys,1/2[,

26 g/L, translates into 1.63 mg E. coli lysate/mg of CaM to

achieve a half bound state. We have also fit the titration

data using a fixed value of a for all residues (given by the

average over extracted values when both a, KD were fitting

parameters) and obtained a similar \CLys,1/2[ value and

distribution as before, \CLys,1/2[ = 31 g/L ± 12 g/L (all

data) and 29 g/L ± 8 g/L (omitting 3 residues with CLys,1/2

A B C

Fig. 1 a Methyl 13C–1H correlation spectra of Ca2?-CaM-

smMLCK(p) dissolved in buffer (blue) or 100 g/L E. coli lysate

(orange). b Representative 1H single-quantum CPMG relaxation

dispersion profiles for Leu39d2, Val108c2 of Ca2?-CaM or Ca2?-

CaM-smMLCK(p) dissolved in buffer or lysate, 18 �C, 14.1 T. Colors

of the dispersion profiles follow a and c. The solid lines result from

global fitting to a two-site exchange process. c Methyl 13C–1H

correlation spectra of Ca2?-CaM dissolved in buffer (red) or 100 g/L

E. coli lysate (green). a and c Spectra were recorded at 14.1 T, 18 �C

with a previously described pulse sequence for measuring 2H R2

relaxation rates with T = 0 (Tugarinov et al. 2005)
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larger than the mean by more than twice the standard

deviation). The relatively small range of per-residue fitted

CLys,1/2 values is consistent with the various non-cognate

E. coli binding partners having similar affinities for CaM.

Nevertheless, significant improvements in fits are obtained

when each residue is treated independently, as opposed to

fixing both a, KD as global parameters, consistent with a

variety of different binding partners, each with a somewhat

different affinity.

2H and 13C spin relaxation probes of binding

In an effort to evaluate the sensitivity of ps-ns time-scale

dynamics to the binding process, we have recorded 2H R2

spin relaxation rates of Ca2?-CaM dissolved in 100 g/L

lysate and compared these values with those obtained from

measurements recorded on a sample in buffer. As described

previously, the advantage of using the deuteron as a probe

of fast time-scale dynamics is that 2H R2 values are

essentially immune to the effects of chemical exchange,

unlike 13C or 1H rates. This results from the fact that (1) 2H

relaxation is dominated by the quadrupolar interaction with
2H R2 values on the order of 300/s, on average, for the

Ca2?-CaM sample considered here (i.e., much larger than

chemical exchange contributions to transverse relaxation)

(Muhandiram et al. 1995) and (2) the small c of the

deuteron attenuates the effects of exchange, since smaller

shift changes between exchanging states are observed.

Figure 3a plots 2H R2 values for Ca2?-CaM dissolved in

buffer (y-axis) versus 100 g/L lysate (x-axis). On the basis

of the titration data (Fig. 2) we estimate that fB is close to 1

(fB = 0.85 ± 0.05) for the lysate sample. For proteins the

size of CaM, methyl 2H R2 values report primarily on the

product S2sC (Tugarinov et al. 2005), where S2 is the square

of the order parameter describing the amplitude of motion

of the methyl threefold axis and sC is the assumed isotropic

correlation time: at 18 �C sC *15 ns for CaM in buffer

and *2.5 fold larger in lysate (Latham and Kay 2012). The

rather poor correlation obtained (Pearson’s correlation

coefficient of 0.7) reflects both changes in dynamics

between bound (lysate) and free (buffer) states (S2) as well

as potentially structural changes that may accompany the

binding of non-cognate E. coli peptides/proteins (sC). It has

been shown that the binding of high affinity cognate pep-

tides to CaM (KD * 1 nM (Ikura et al. 1992; Lee et al.

2000)) causes very significant structural rearrangements

(Ikura et al. 1992; Siivari et al. 1995; Hoeflich and Ikura

2002); whether such changes accompany the much lower

affinity interactions observed in lysate is an open question.

In contrast to the relatively poor correlation for Ca2?-

CaM observed in Fig. 3a, a much better correlation is noted

for the Ca2?-CaM-smMLCK(p) complex, Fig. 3b. The

excellent agreement in Fig. 3b provides a validation of the

A

B C

Fig. 2 a Selected regions of methyl 13C–1H correlation spectra

recorded with different CLys ranging from 0 to 100 g/L. Steps of 10 g/L

are shown from red to blue and arrows denote the linear movement of

the peaks with increasing lysate concentration. b Representative fits

of 13C titration profiles to Eq. (2) with fits of 1H titrations shown in

the insets. The fitted CLys,1/2 values are given in the upper left hand

corner. c Histogram of CLys,1/2 values. The best-fit Gaussian function

to the distribution is represented by the red dashed line
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2H relaxation methodology. Moreover, it is consistent with a

lack of interactions between Ca2?-CaM-smMLCK(p) and

lysate, as expected, since (1) no changes in chemical shifts

between buffer and lysate samples were observed in this case

(Fig. 1a) and (2) the significant contribution to transverse

relaxation for Ca2?-CaM in lysate, reflecting an exchange

process with E. coli peptides/proteins, disappears upon

addition of saturating amounts of smMLCK(p) (Fig. 1b). We

have also measured 13C R1 values for Ca2?-CaM in both

buffer and lysate, Fig. 3c, and the correlation observed is

poorer than expected based on experimental error. That this

is the case can be seen from repeat measurements of R1

values for Ca2?-CaM in lysate, Fig. 3d, where the pair-wise

rmsd is a factor of two smaller than for the correlation of R1

rates measured on buffer and lystate samples (Fig. 3c).

Simulations establish that for CaM in buffer (sC * 15 ns)

and lysate (sC * 40 ns) 13C R1 rates report almost exclu-

sively on the timescale of motion of the methyl threefold axis

(se) and are relatively insensitive to S2. Thus, our results

provide strong evidence that binding of even low affinity

partners modulates methyl se values in CaM.

Comparison of Ca2?-CaM in different lysates

To this point our study has focused on E. coli lysate as a

mimic of the in-cell environment. We have shown here

and in a related publication (Latham and Kay 2012) that

Ca2?-CaM transiently interacts with non-cognate binding

partners, leading to changes in chemical shifts, large con-

tributions to 1H and 13C transverse relaxation rates from

chemical exchange between bound and free forms of the

protein and changes in 2H R2 and 13C R1 values. It is of

interest to consider what happens when eukaryotic S. ce-

revisiae lysate is substituted for the E. coli version because

CaM is a eukaryotic protein and there are thus many

cognate and high affinity binding partners, involved in

CaM mediated Ca2? signaling, that become available in

this new environment (O’Neil and DeGrado 1990; Hoeflich

and Ikura 2002; Yamniuk and Vogel 2004).

Figure 4 shows a comparison of 2D 13C–1H spectra of

50 lM Ca2?-CaM in 100 g/L eukaryotic S. cerevisiae and

bacterial E. coli lysates. At the relatively low concentrations

of protein used all of the Ca2?-CaM in the yeast lysate is

sequestered in a large number of high affinity complexes in

slow exchange, resulting in a severe dilution of NMR signals.

By contrast, we have shown that Ca2?-CaM in E. coli lysate

exchanges rapidly between low affinity complexes to give a

single average signal for each methyl site, and hence a much

higher quality spectrum than for the yeast lysate. Only for

concentrations of Ca2?-CaM that exceed *0.5 mM, when

the CaM specific interactions are saturated, does the spec-

trum in 100 g/L yeast lysate approximate the quality

observed in Fig. 1c (data not shown). In order to establish

that different sample viscosities are not responsible for the

A B

C D

Fig. 3 Correlation plots of 2H

R2 relaxation rates for a Ca2?-

CaM or b Ca2?-CaM-

smMLCK(p) measured in buffer

(y-axis) or 100 g/L E. coli

lysate (x-axis), 18 �C, 14.1 T.

The best-fit line is shown in red,

along with the corresponding

equation and Pearson’s

correlation coefficient (RP), in

the lower right hand corner.

Larger errors in the Lysate

Ca2?-CaM measurements are

the result of peak broadening

due to ms time-scale exchange

(see Fig 1b, c). Correlation plots

of 13C R1 relaxation rates for

Ca2?-CaM in buffer versus

100 g/L E. coli lysate c or

duplicate measurements in

lysate d. The green dashed line
is y = x, while the best-fit line

is in red. The pair-wise rmsd of

experimental values, along with

Rp and the equation of the best-

fit line are in the lower right

corner
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differences in the quality of the spectra in Fig. 4, we have

measured the translational diffusion coefficients for Ca2?-

CaM-smMLCK(p) in both lysates utilizing a 1D 2H,13C-

edited pulse field gradient based experiment. NMR spectra of

Ca2?-CaM-smMLCK(p) in the two environments are iden-

tical indicating that CaM in the smMLCK(p) bound state

does not interact strongly with either lysate; hence, the rel-

ative diffusion constants are expected to provide an indi-

cation of how viscosities of the media differ. Diffusion

constant values of (2.69 ± 0.45) 9 10-7 cm2 s-1 (yeast)

and (2.23 ± 0.46) 9 10-7 cm2 s-1 (E. coli) confirm that

indeed the absence of resonances in the S. cerevisiae lysate is

due to specific binding to yeast proteins and not the result of

increased viscosity.

Concluding remarks

We have presented a solution based NMR study of

U-[2H,15N], Iled1-[13CHD2], Leud,Valc-[13CHD2], Mete-

[13CHD2] labeled Ca2?-CaM to probe interactions in the

heterogeneous cell-like environment of E. coli lysate.

Analysis of chemical shift data as a function of added

lystate establishes that Ca2?-CaM interacts transiently and

weakly with non-cognate E. coli peptide/proteins; such

interactions are confirmed on the basis of CPMG relaxation

dispersion and 2H R2, 13C R1 experiments. Analysis of the

titration data provides a lower limit on KD (*0.2 mM) as

well as an average value for CLys,1/2, 26 g/L, that translates

into 1.63 mg E. coli lysate/mg of CaM to achieve a half

bound state. Differences in spectra of Ca2?-CaM in E. coli

and yeast lysates can be rationalized in terms of the rapid

interconversion between different transient complexes that

leads to averaging of chemical shifts (E. coli) versus much

stronger interactions with cognate proteins that dilutes the

NMR signal (yeast). Further, this study highlights the

utility of methyl group probes in protein studies, including

those in complex, heterogeneous milieus such as that of an

in-cell like environment.

Fig. 4 Leu/Val region of 13C–1H correlation spectra of 50 lM Ca2?-

CaM in 100 g/L S. cerevisiae (left) or E. coli (right). Spectra were

recorded at 14.1 T and 18 �C with a previously described pulse

sequence for measuring the 2H R2 relaxation rates and T = 0

(Tugarinov et al. 2005). The correlation in red is aliased

A B C

Fig. 5 a 1D v2 grid searches as a function of KD for a number of a
values (listed at the top of each graph). The grid searches were

performed in the vicinity of the best fit (a, KD) values, corresponding

to (5.070e–05 mol/g, 5.15e–04 M) and (3.355e–05 mol/g, 5.25e–

04 M) for Val108Hc2 and Met71He, respectively. b Linear relation-

ship between KD and a for the residues in a. The reduced v2 that is

obtained when the listed (a, KD) pairs are used is given above (or next

to) each point. The orange dashed line denotes KD,min. c Histogram of

KD,min values. The red dashed line is the Gaussian profile generated

with the trimmed mean and standard deviation of the distribution. The

trimmed mean was calculated by discarding values outside 2 times the

standard deviation of the mean
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Appendix: Fits of titration curves yield a range of (a,

KD) values

As described in the text each of the titration profiles was fit

to Eq. (2) to generate best fit values for (a, KD). We have

performed grid searches as a function of KD for a number of

a values in the vicinity of the best fit a value and calculated

v2/df. Figure 5A shows results for a pair of residues,

Val108Hc2 and Met71He. It is clear that there is a range of

(a, KD) that fit the data essentially equally well and that a

minimum KD value can be approximated. Notably, each (a,

KD) pair that produces a low residual lies on the line given

by Eq. (5), as shown in Fig. 5B, with the v2/df indicated for

each point. A lower bound for KD (KD,min) can be read off of

each plot, corresponding to the point where the curve

deviates from linearity. Figure 5C plots a histogram of

KD,min values, showing the range obtained.
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