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Abstract: Quantitative studies in molecular and structural biology generally require accurate and

precise determination of protein concentrations, preferably via a method that is both quick and

straightforward to perform. The measurement of ultraviolet absorbance at 280 nm has proven
especially useful, since the molar absorptivity (extinction coefficient) at 280 nm can be predicted

directly from a protein sequence. This method, however, is only applicable to proteins that contain

tryptophan or tyrosine residues. Absorbance at 205 nm, among other wavelengths, has been used
as an alternative, although generally using absorptivity values that have to be uniquely calibrated

for each protein, or otherwise only roughly estimated. Here, we propose and validate a method for

predicting the molar absorptivity of a protein or peptide at 205 nm directly from its amino acid
sequence, allowing one to accurately determine the concentrations of proteins that do not contain

tyrosine or tryptophan residues. This method is simple to implement, requires no calibration, and

should be suitable for a wide range of proteins and peptides.

Keywords: protein; absorbance; UV; concentration; molecular biology; absorptivity; extinction

coefficient

Introduction
Accurate determination of protein concentration is

essential for quantitative biochemical, biophysical,

molecular, and structural biology studies. A wide range

of spectrophotometric methods are available for doing

so, each with its own advantages, disadvantages, and

specific requirements.1 The absorbance of ultraviolet

(UV) radiation by intrinsic chromophores is one com-

monly used method; particularly useful is absorbance

at 280 nm (A280), which offers high specificity, as it

arises strictly from tryptophan and tyrosine residues

(and to a small extent from disulfide bonds if present).

Thus, the molar absorptivity (extinction coefficient) for

a protein at 280 nm (e280) can be accurately estimated

directly from its amino acid sequence.2–4 Absorbance at

wavelengths other than 280 nm is also used less com-

monly, generally either in a non-sequence-specific man-

ner or by calibrating absorbance data on a protein-by-

protein basis. Calibration can be time-consuming and

technically difficult, especially if it requires directly
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weighing lyophilized protein or peptide (which is con-

founded by the presence of any residual salt or water

remaining in the dried protein). Other methods (e.g.,

Bradford, Lowry assays) that do not rely on intrinsic

chromophores also require calibration and have the

added disadvantage of requiring additional reagents

and time. Thus, the ability to predict the molar absorp-

tivity (e.g., at 280 nm) is advantageous in terms of both

accuracy and efficiency.

If a protein contains no tyrosine or tryptophan

residues, however, A280 cannot be used to determine

the concentration of that protein in solution. One al-

ternative is A205, which arises primarily from the

peptide bond.5,6 Although the maximum absorbance

of a protein actually occurs closer to 190 nm, A205

has been favored in part due to the technical limita-

tions of measuring at lower wavelengths.6,7 Still,

whereas most common buffers and solutions in bio-

logical research are essentially transparent at

280 nm, many solutes will exhibit some absorbance

at 205 nm (although this effect is even more pro-

nounced at lower wavelengths).1,5,8 Thus, one must

consider, and carefully control for, any A205 stem-

ming from the buffer alone, as described below. On

the other hand, the much higher sensitivity of A205

relative to A280 offers an additional advantage that

helps counteract this. The ratio of A205 to A280 is

�30 on average, although it varies widely from pro-

tein to protein (and is virtually infinite for a protein

lacking tryptophan and tyrosine residues).

Absorbance at 205 nm arises primarily from the

peptide backbone. Thus, one can roughly estimate

the concentration of a protein solution (in terms of

mg�mL21) without any knowledge of the protein

sequence. A commonly used absorptivity value is

e205 5 31 mL�mg21�cm21.1,5,8 However, side chain

absorbance at 205 nm is still significant; in particu-

lar, the aromatic side chains (tryptophan, phenylala-

nine, tyrosine, and histidine) all have a greater A205

than a single peptide bond. Considering this,

Scopes6 proposed using the A280/A205 ratio for a

given protein to estimate a more accurate e205 (in

effect taking into account tryptophan and tyrosine

side chains). However, this does not include the con-

tributions of phenylalanine, histidine, methionine,

arginine, or cysteine/cystine, all of which absorb sig-

nificantly at 205 nm. Thus, by taking into account

the contributions of individual side chains to the

overall A205, one can accurately and specifically (i.e.,

in a sequence-specific manner) determine the con-

centration of virtually any protein in solution, as we

demonstrate in this report.

Results and Discussion

We measured the absorbance of six proteins and two

peptides at both 205 nm and 280 nm to compare the

values at these two wavelengths. Calmodulin (CaM)

is a 148-residue calcium-binding protein,9 which has

a predicted molar absorptivity at 280 nm of

e280 5 2980 M21�cm21 from two tyrosine residues and

no tryptophan residues. Measurements were per-

formed on both apo CaM and CaM saturated with four

calcium ions (4Ca21-CaM). Calmodulin-dependent

kinase 1 (CaMK1), is a serine/threonine kinase that is

activated by calcium-loaded CaM.10 One CaMK1 con-

struct used in this study corresponds to the kinase

domain (residues 1–296) and has a predicted e280 of

42,860 M21�cm21 from four tryptophans and 14 tyro-

sines. The other CaMK1 construct (residues 299–320)

is a short peptide corresponding to the CaM-binding

domain of CaMK1, with a predicted e280 of 5500

M21�cm21 from one tryptophan. The other peptide

used in this study is the 26-residue M13 peptide

derived from skeletal muscle myosin light-chain

kinase (skMLCK),11 which also has a predicted e280 of

5500 M21�cm21, based on one tryptophan. The

remaining four proteins measured were the B1 do-

main of Streptococcal protein G (GB1), the talin2 F3

domain, maltose-binding protein (MBP), and Enzyme

I. These range in size from 66 to 575 residues in

length, and have predicted e280 values ranging from

9970 M21�cm21 to 66,350 M21�cm21, stemming from

multiple tryptophan and tyrosine residues.

For greatest accuracy, a wide range of half-log

dilutions was measured, though in everyday practice

such extensive measurement would not be necessary

or even warranted. All dilutions were performed in

water. The stocks of Enzyme I and the two short

peptides were already in water, but the stocks of the

other proteins used in this study were in other buf-

fers, some with significant absorbance at 205 nm. In

these cases, dilutions were also made of the buffer

alone, so that its absorbance could be subtracted

from that of the protein solution. Thus, although the

buffers used for CaMK11–296 and 4Ca21-CaM, for

example, had undiluted A205 values of 23.74 and

27.45, respectively, we were still able to accurately

and precisely measure the A205 of CaMK11–296

(uncorrected 5 678.2, corrected 5 654.5) and CaM

(uncorrected 5 665.6, corrected 5 638.2) using water

dilutions in the range of 1:1000 to 1:10,000 (Table I).

The buffer used for apo CaM also had a relatively

high absorbance of A205 5 31.21, but the other buf-

fers had much lower absorbances (0.59–4.37).

Regardless, buffer absorbance corrections were

applied in all of these cases. However, no such cor-

rections were needed for skMLCK, CaMK1299–320, or

Enzyme I, as these stock solutions were already in

water. Although one could instead ensure that sol-

utes free of absorbance at 205 nm are used, our

results show that this is unnecessary. In practice (as

done here) one would ideally measure A205 values

much greater for the protein than for the buffer

solution alone, but at the very least, the difference

between the two measurements must be signifi-

cantly larger than the experimental error.
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From the data collected at 205 nm and 280 nm,

and under the assumption that the molar absorptiv-

ities calculated for 280 nm are correct, we esti-

mated molar absorptivities at 205 nm for each of

the polypeptides in this study, ranging from

e205 5 96,705 M21�cm21 (37.21 mL�mg21�cm21) for

CaMK1299–320 to e205 5 1,918,988 M21�cm21 (30.24

mL�mg21�cm21) for Enzyme I (Table II). Values of

e205 could be calibrated for any protein or peptide

containing tryptophan or tyrosine in a similar man-

ner, or using some other method for determining

the concentration (e.g., directly weighing lyophilized

powder) for those that do not. However, in this

study we demonstrate that one can calculate the

e205 directly from the amino acid sequence, making

such additional measurements or standards com-

pletely unnecessary.

A great advantage of using A205 for determining

protein concentration is that absorbance at 205 nm

arises primarily from the peptide backbone, although

side chains, and in particular aromatic ones, can con-

tribute significantly. To take this into account, we ref-

erenced molar absorptivities at 205 nm given by

Goldfarb et al.7 and Saidel et al.12 These reported

molar absorptivities for individual amino acids ranged

from 54 M21�cm21 (glycine) to 20,400 M21�cm21,

though only those with e205> 200 M21�cm21 were

included in this study (Table III). The literature, how-

ever, gives a wide range of values for the e205 of the

peptide bond, and Goldfarb et al.7 suggested a range

of 2500–2800 M21�cm21 per peptide bond. This likely

represents true variation stemming from local struc-

ture, rather than experimental error.7,13

Due to the above uncertainty, we asked whether

we could find an averaged value of e205 for the pep-

tide bond (ebb) that would be generally applicable,

keeping in mind that in reality the actual value per

peptide bond is probably quite variable. From our

data on eight different polypeptides, we found an

overall best-fit ebb of 2780 6 168 M21�cm21, which is

Table I. Analysis of Data Collected for This Study

Protein
MW

(g�mol21)a
e280

(M21�cm21)b A280
c

A205

Conc.
(mM)d

ebb

(M21�cm21)eMeasuredf Correctedg

CaMK1299-320 2599 5500 Averageh 9.72 170.97 170.97 1767.96 2,704
Errori 0.97 5.36 5.36 176.49 482
% Errorj 9.98 3.13 3.13 9.98 17.8

skMLCK 2964 5500 Averageh 7.90 162.85 162.85 1436.12 2,838
Errori 0.63 8.63 8.63 114.70 435
% Errorj 7.99 5.30 5.30 7.99 15.3

GB1 7246 9970 Averageh 5.72 152.40 151.80 573.53 3112
Errori 0.25 8.07 8.07 25.22 281
% Errorj 4.40 5.30 5.32 4.40 9.0

talin2 11,558 16,960 Averageh 18.35 433.25 432.66 1081.99 2870
Errori 0.84 17.39 17.39 49.50 241
% Errorj 4.57 4.01 4.02 4.57 8.4

apo CaM 16,706 2890 Averageh 2.65 488.01 457.81 889.23 2716
Errori 0.09 39.26 39.26 30.87 324
% Errorj 3.47 8.05 8.58 3.47 11.9

4Ca21-CaM 16,706 2890 Averageh 3.86 665.60 638.15 1294.76 2567
Errori 0.03 37.45 37.45 11.60 199
% Errorj 0.90 5.63 5.87 0.90 7.8

CaMK11-296 33,442 42,860 Averageh 25.25 678.19 654.45 589.03 2631
Errori 1.53 28.53 28.53 35.62 281
% Errorj 6.05 4.21 4.36 6.05 10.7

MBP 40,614 66,350 Averageh 1.81 45.37 41.00 27.21 2914
Errori 0.04 1.82 1.82 0.61 204
% Errorj 2.25 4.02 4.45 2.25 7.0

Enzyme I 63,467 24,410 Averageh 28.84 2267.58 2267.58 1181.66 2684
Errori 1.15 21.38 21.38 46.96 137
% Errorj 3.97 0.94 0.94 3.97 5.1

a Molecular weight calculated from amino acid sequence; confirmed by mass spectrometry.
b Molar absorptivity at 280 nm, calculated as described in Methods section.
c Absorbance at 280 nm of undiluted protein solution, extrapolated from measurements on various dilutions.
d Concentration calculated from absorbance at 280 nm.
e Molar absorptivity at 205 nm per backbone peptide bond, calculated individually for each protein as described in the text.
f Absorbance at 205 nm of undiluted protein solution, extrapolated from measurements on various dilutions.
g Absorbance at 205 nm of buffer alone was subtracted from measurements on solution of buffer 1 protein.
h Average of measured absorbance or calculated concentration values.
i Standard deviation of absorbance measurements or calculated concentration.
j % Error 5 (error/average) 3 100%.
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within the previously reported range.7 The values

calculated for individual peptides ranged from 2567

to 3112 M21�cm21 (Table I). Using the average value

of ebb 5 2780 M21�cm21, we calculated a value of e205

for each polypeptide in this study by summing all of

the backbone and side chain contributions, as

described in the methods. These values are pre-

sented in the rightmost column of Table I. Compared

to the concentrations determined from A280, the e205

values based on ebb 5 2780 M21�cm21 give errors in

concentration of at most 8.2% (GB1), though for all

but two (GB1 and 4Ca21-CaM) the error is less than

4% (Table II) and well within experimental error

(Table I). If, however, one uses a non-sequence-spe-

cific estimate for e205 of 31 mL�mg21�cm21, the errors

are in general much larger (up to 19.0%). Even

using the formula put forth by Scopes,6 these errors

are only slightly reduced to a maximum of 14.2%

(Table II). Only for 4Ca21-CaM do both of the

generic methods give lower errors than the new

Table II. Comparison of Different Methods of Calculating Molar Absorptivity at 205 nm (E205)

Protein

e205

A280
a 31 mL�mg21�cm21 b Scopes methodc New methodd

CaMK1299-320 e205 (M21�cm21)e 96,705 80,572 87,914 98,310
e205 (mL�mg21�cm21)f 37.21 31 33.82 37.82
% Errorg 216.68 29.09 1.66

skMLCK e205 (M21�cm21)e 113,397 91,898 97,294 111,950
e205 (mL�mg21�cm21)f 38.25 31 32.82 37.76
% Errorg 218.96 214.20 21.28

GB1 e205 (M21�cm21)e 264,682 224,623 228,392 243,070
e205 (mL�mg21�cm21)f 36.53 31 31.52 33.55
% Errorg 215.13 213.71 28.17

talin2 e205 (M21�cm21)e 399,873 358,304 370,898 390,810
e205 (mL�mg21�cm21)f 34.60 31 32.09 33.81
% Errorg 210.40 27.25 22.27

apo CaM e205 (M21�cm21)e 514,838 517,889 462,669 524,190
e205 (mL�mg21�cm21)f 30.82 31 27.69 31.38
% Errorg 0.59 210.13 1.82

4Ca21-CaM e205 (M21�cm21)e 492,873 517,889 463,186 524,190
e205 (mL�mg21�cm21)f 29.50 31 27.73 31.38
% Errorg 5.08 26.02 6.35

CaMK11-296 e205 (M21�cm21)e 1,111,071 1,036,715 1,057,752 1,155,120
e205 (mL�mg21�cm21)f 33.22 31 31.63 34.54
% Errorg 26.69 24.80 3.96

MBP e205 (M21�cm21)e 1,506,589 1,259,043 1,311,224 1,457,280
e205 (mL�mg21�cm21)f 37.10 31 32.28 35.88
% Errorg 216.43 212.97 23.27

Enzyme I e205 (M21�cm21)e 1,918,988 1,967,462 1,810,473 1,973,840
e205 (mL�mg21�cm21)f 30.24 31 28.53 31.10
% Errorg 2.53 25.65 2.86

a Molar absorptivity at 205 nm calculated directly from A280 data (e205 5 A205 3 e280/A280).
b Molar absorptivity at 205 nm calculated from generic absorptivity of 31 mL�mg21�cm21 [e205 (M21�cm21) 5 31
(mL�mg21�cm21) 3 MW (g�mol21)].
c Absorptivity at 205 nm first calculated in mass units, as described by Scopes6 [e205 (mL�mg21�cm21) 5 27.0 1 120 3 (A280/
A205)], then transformed into molar units [e205 (M21�cm21) 5 e205 (mL�mg21�cm21) 3 MW (g�mol21)].
d Molar absorptivity calculated from the amino acid sequence as described in the main text; an interactive web server to
carry out this calculation online is available at http://spin.niddk.nih.gov/clore.
e Molar absorptivity at 205 nm calculated by various methods.
f Absorptivity at 205 nm, given in alternative mass units [5e205 (M21�cm21)/MW (g�mol21)].
g Percentage of deviation from e205 value calculated directly from A280 data.

Table III. Molar Absorptivity Values at 205 nm (E205)
Used in This Study for Protein Side Chains and the
Backbone Peptide Bond

Side chain/feature e205 (M21�cm21)

Tryptophan 20,400
Phenylalanine 8600
Tyrosine 6080
Histidine 5200
Methionine 1830
Arginine 1350
Cysteine 690
Asparaginea 400
Glutaminea 400
Cystineb 2200
Backbone peptide bondc 2780 6 168

a Values for asparagine and glutamine come from Saidel et
al.12 All other values are from Goldfarb et al.7
b If the protein has a disulfide bond, add 820 M21�cm21

(2200 M21�cm21 2 2 3 690 M21�cm21) to its e205.
c Best-fit value determined as described in the text and
given as the average 61 standard deviation.
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sequence-specific method, though the differences in

error between these methods (6.4% vs. 5.1% vs.

6.0%) are negligible. For apo CaM and Enzyme I,

the generic 31 mL�mg21�cm21 value gives a slightly

lower error than the sequence-specific value, but the

difference in errors (1.8% vs. 0.59% for apo CaM,

2.9% vs. 2.5% for Enzyme I) are miniscule and well

within the experimental error. In all other cases, the

sequence-specific value of e205 gives the lowest error,

often dramatically so.

Based on the data presented here, this method

works well for both folded proteins and short

unstructured peptides. Although the majority of the

A205 in all cases comes from the peptide backbone,

the actual contribution for these test cases ranges

from 59.4% (CaMK1299–320) to 80.8% (Enzyme I).

Thus, one can see why calculating sequence-specific

molar absorptivities would be advantageous, since

side chains can be responsible for up to 40% of the

total A205 in these instances. Additionally, meas-

uring data on both apo CaM and 4Ca21-CaM offered

the opportunity to test whether structural changes

within the same protein affect A205. Although these

two conditions gave slightly different results

(ebb 5 2716 6 324 M21�cm21 for apo CaM and

2567 6 199 M21�cm21 for 4Ca21-CaM), these differ-

ences were within the experimental error.

To test the utility of the A205 method for deter-

mining protein concentration using sequence-specific

calculated molar absorptivities, we performed a con-

centration-dependent experiment on a protein con-

struct that does not absorb at 280 nm. The

N-terminal domain of CaM (CaM1–76) does not con-

tain any 280 nm-absorbing residues (both tyrosines

are located in the C-terminal domain). Using the

method described here, CaM1–76 has a calculated

e205 of 266,150 M21�cm21. We determined the con-

centrations of CaM1–76 and skMLCK by A205 and

then performed a fluorescence anisotropy binding

experiment. This titration experiment yielded a

CaM1–76:skMLCK stoichiometry of 2.13(60.17):1

(Fig. 1), well within the experimental error of the

expected value of 2:1.14 (Note that whereas the stoi-

chiometry of the full-length CaM:skMLCK interac-

tion is 1:1—with the N and C domains of CaM

participating in the interaction11—in isolation, indi-

vidual domains of CaM bind with a 2:1 stoichiome-

try, because a second CaM1–76 molecule, in this case,

takes the place of the absent C-terminal CaM do-

main in the complex.14)

In conclusion, we have demonstrated the utility

of a method for determining protein concentrations

from absorption at 205 nm, using a molar absorptiv-

ity calculated specifically from the amino acid

sequence. This method allows one to easily and

quickly determine protein concentration when there

are no tryptophan or tyrosine residues present. It is

generally applicable, requiring no additional

standards or other calibration, and we have made

this tool available on the web (at http://spin.niddk.

nih.gov/clore) to assist in calculating e205 for any

protein or peptide. We have also shown that taking

the amino acid sequence into account is essential for

accurate results, and we believe that this method

will be widely applicable.

Methods

Protein production and sample preparation

All proteins were produced recombinantly in Esche-

richia coli (with the exception of the two peptides

that were commercially synthesized as described

below). The 148-residue human calmodulin (CaM)

protein was expressed and purified as described pre-

viously from a construct in a pET21a vector.9

Experiments were performed on CaM in a buffer

consisting of 25 mM 4-(2-hydroxyethyl)21-piperazi-

neethanesulfonic acid (HEPES), pH 6.5, 100 mM

KCl, 0.02% sodium azide, 13 Roche Complete Prote-

ase Inhibitor, and either 8 mM CaCl2, (4Ca21-CaM)

or 2 mM ethylenediaminetetraacetic acid and 2 mM

ethylene glycol tetraacetic acid (apo CaM). A con-

struct corresponding to the N-terminus of CaM (resi-

dues 1–76; CaM1–76) was generated using the

QuikChange II Site-Directed Mutagenesis Kit (Agi-

lent Technologies), and expressed and purified like

full-length CaM. The skMLCK M13 peptide

(KRRWKKNFIAVSAANRFKKISSSGAL) and the

Figure 1. Testing the stoichiometry of 2Ca21-CaM1–76 bind-

ing to the skMLCK M13 peptide. Fluorescence anisotropy

was measured for the tryptophan of skMLCK alone (10 mM)

and in the presence of 0–50 mM CaM1–76. Experimental data

(average of three measurements) are plotted as filled-in

squares, with error bars indicating one standard deviation.

The best-fit line is shown in red. The CaM1–76:skMLCK stoi-

chiometry from the fit of the data is n 5 2.13 6 0.17, which is

in excellent agreement with the literature value of 2:1.14 The

titration was performed with [skMLCK] >> KD to most accu-

rately determine the stoichiometry. The effective KD from the

fit is 100 6 28 nM, several orders of magnitude weaker than

the value determined for full-length CaM (�50 pM).20
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peptide corresponding to the CaM-binding domain of

CaMK1 (residues 299–320; AKSKWKQAFNA-

TAVVRHMRKLQ) were commercially synthesized by

Anaspec. They were resuspended in water from

lyophilized powder for the experiments here.

The B1 domain of streptococcal protein G (66

residues) was expressed from a construct in a GEV2

vector, as previously described.15 Experiments were

performed in a buffer consisting of 50 mM sodium

phosphate, pH 6.5, and 100 mM NaCl. The F3

domain of human talin2 (residues 311–408) was

expressed from a construct in a pGEX-6P-2 vector,

as previously described.16 Experiments were per-

formed in a buffer consisting of 50 mM sodium phos-

phate, pH 7.0, and 100 mM NaCl. A mutant of

E. coli MBP (370 residues; K1A K46C I212C) was

expressed from a construct in a pET11 vector, as

previously described.17 Experiments were performed

in a buffer consisting of 20 mM Tris, pH 7.4,

100 mM NaCl, and 1 mM dithiothreitol (DTT). A

mutant of E. coli Enzyme I (residues 1–575; H189A

R367K) was expressed from a construct in a pET11

vector, as previously described.18 Experiments were

performed in H2O.

DNA corresponding to the full-length 374-resi-

due calcium/calmodulin-dependent protein kinase

type 1 (CaMK1) protein from rat was synthesized

(codon-optimized for expression in E. coli) by Gen-

script (http://www.genescript.com) and subcloned

into the pET47b vector. A construct corresponding to

residues 1–296 was generated using the Quik-

Change II kit. CaMK1 was expressed in BL21-Star

cells (Agilent Technologies) using standard methods.

Briefly, cells were grown at 37�C in 1 L of Luria Ber-

tini (LB) medium to OD600nm (optical density) � 0.6,

cooled to 25�C, and induced with 1 mM isopropyl

b-D21-thiogalactopyranoside (IPTG). Cells were har-

vested by centrifugation �16 h later. Cells were

resuspended in 50 mM sodium phosphate, pH 7.0,

300 mM NaCl, 1 mM DTT, and 13 Roche Complete

Protease Inhibitor. Cells were lysed using a micro-

fluidizer, cleared by centrifugation, and then loaded

on a HisTrap column (GE Life Sciences). Protein

was eluted with a 0–100% gradient over five column

volumes with the same buffer containing 500 mM

imidazole. The protein was cleaved �20 h at 4�C

with 3C protease, then further purified by gel filtra-

tion on a HiLoad 26/60 Superdex 75 column (GE

Life Sciences) into a buffer consisting of 25 mM

HEPES, pH 6.5, 100 mM KCl, 0.02% sodium azide,

and 0.13 Roche Complete Protease Inhibitor. Frac-

tions were concentrated with Amicon Ultra Centrifu-

gal Filter Units (10 kDa molecular weight cutoff).

3C Protease was expressed as a GST fusion

(from a pGEX vector) in BL21 CodonPlus cells (Agi-

lent Technologies). Cells were grown at 37�C in 1 L

of LB medium to OD600nm � 0.6, cooled to 25�C, and

induced with 0.2 mM IPTG. Cells were harvested by

centrifugation �16 h later and resuspended in

50 mM sodium phosphate, pH 7.0, 100 mM NaCl,

and 1 mM DTT. Cells were lysed using a microfluid-

izer, cleared by centrifugation, and then loaded on a

GSTrap column (GE Life Sciences). Protein was

eluted with 30 mM reduced glutathione. Aliquots

were stored at 280�C in elution buffer.

Absorbance measurements

Absorbance values at 205 nm and 280 nm were

measured on an Agilent 8453 UV/Vis spectrophotom-

eter, using a quartz cuvette with a 1 cm path length.

For all samples, dilutions were performed in water

(due to the high UV absorbance of some of the buf-

fers used). Absorbance was measured at various

dilutions in half-log increments, and all measure-

ments within a linear range for absorbance versus

concentration were averaged (after extrapolating the

undiluted absorbance value by multiplying by the

dilution factor). The absorbance values of the buffers

alone were also measured in the same manner. For

all samples, the final A205 used for protein concen-

tration determination was the average extrapolated

A205 for the undiluted protein solution minus the

A205 for the buffer alone (Table I).

Calculation of molar absorptivities

Absorbance (Ak) at a given wavelength k is given by

the Beer–Lambert law:

Ak5ekcl (1)

where ek is the molar absorptivity at wavelength k,

c the concentration, and l the path length (always 1

cm in this study). For measurements at 280 nm,

the e280 was calculated by adding 5500 M21�cm21

for each tryptophan and 1290 M21�cm21 for each

tyrosine, based on standard literature values.2–4,19

For measurements at 205 nm, the absorbance of

both the peptide backbone and side chains were

taken into account. The values used for each side

chain are given in Table III and were taken from lit-

erature values (Goldfarb et al.7 for all values, with

the exception of the values for glutamine and aspar-

agine, which came from Saidel et al.12). The molar

absorptivity at 205 nm (e205) for a polypeptide is

given by the formula:

e2055
X

einið Þ1ebb r21ð Þ (2)

where for each amino acid type i, ei is the molar

absorptivity of that amino acid type (Table III), ni

is the number of times that amino acid type

appears in the polypeptide sequence, ebb is the

molar absorptivity for a single backbone peptide

bond, and r is the number of residues in the poly-

peptide sequence.
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A standard value for the absorbance of the pep-

tide bond could not be chosen a priori from the liter-

ature, so instead one was determined empirically.

This was accomplished first by calculating a value of

e205 for each polypeptide in the study:

e2055A205
e280

A280
(3)

where e280 is the known molar absorptivity at 280

nm for that polypeptide, and A205 and A280 are the

absorbance data for that polypeptide (Table I). These

A280-based e205 values are presented in the leftmost

data column of Table II. For each polypeptide, a

value of ebb was then calculated by rearrangement of

Eq. (2):

ebb 5
e2052

X
einið Þ

r21
(4)

These values of ebb are presented in Table I. An

overall best-fit value of ebb was then computed by

averaging the ebb values for the individual polypep-

tides. The use of this single optimized value (deter-

mined to be 2780 6 168 M21�cm21 in this case) is not

meant to imply that each peptide bond always dis-

plays the same absorbance value (since the absorb-

ance of the peptide bond is know to be quite

variable7,13) but rather that the use of this one value

is sufficiently reliable to be generally useful.

Thus, using a value of ebb 5 2780 M21�cm21, e205

can be calculated for any protein or peptide directly

from its amino acid sequence, using Eq. (2). For the

polypeptides used in this study, e205 values calcu-

lated in this manner are presented in the rightmost

column of Table II. A web server that performs this

calculation can be accessed online at http://spin.

niddk.nih.gov/clore. This tool also calculates the

molecular weight for various universal isotopic label-

ing schemes that might be used in nuclear magnetic

resonance studies.

Fluorescence experiments

Fluorescence experiments were carried out at 27�C

using a Jobin Ybon FluoroMax-3 fluorometer

equipped with a Peltier temperature control unit.

The fluorescence anisotropy of the single tryptophan

residue in the skMLCK peptide was monitored with

excitation at 295 nm and emission at 357 nm. Meas-

urements were acquired on 10 mM skMLCK in the

presence of 0–50 mM 2Ca21-CaM1–76. Experiments

were performed in 25 mM HEPES, pH 6.5, 100 mM

KCl, 8 mM CaCl2, and 0.13 Roche Complete Prote-

ase Inhibitor. Data were analyzed by fitting the fluo-

rescence anisotropy versus [CaM1–76] to the

following equation:

A5Amin1Amax

n L½ �1 U½ �1Kapp
D

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n L½ �1 U½ �1Kapp

D

� �2
24n L½ � U½ �

r

2n L½ �

0
BB@

1
CCA (5)

where A is the measured fluorescence anisotropy at

each point (the dependent variable in the fitting),

Amax the anisotropy of the skMLCK peptide fully

saturated with CaM1–76, Amin the anisotropy of the

free skMLCK peptide, n the stoichiometry of

CaM1–76:skMLCK binding, [L] the total (bound 1 un-

bound) concentration of the skMLCK peptide,

[U] the total (bound 1 unbound) concentration of

CaM1–76 at each point (the independent variable in

the fitting), and Kapp
D the apparent equilibrium dis-

sociation constant, defined as:

Kapp
D 5

U½ �unbound L½ �unbound

UnL½ � (6)

Kapp
D is only equal to the true dissociation constant

for the case where the stoichiometry is n 5 1; other-

wise it represents an effective KD (i.e., concentration

at half saturation). Experiments were carried out

under conditions where [L] >> KD to most accu-

rately fit the stoichiometry. Data were fit using Ori-

ginPro 8.
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