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bstract

HPLC–MS analysis of tryptic protein digests in combination with fluorescence detection is presented as a convenient and quantitative method
o gain insight into the relative reactivity of lysine side chains. In this scheme (tandem) mass spectrometry was used for identification of the
odified residue, whereas fluorescence detection allowed determination of their relative abundance. Our method identified ‘labeling hot-spots’ at
wo flexible parts of the collagen-binding protein CNA35, positions that were consistent with all available structural and biochemical data on the
ollagen-binding properties of CNA35.
 2008 Elsevier B.V. All rights reserved.
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. Introduction

Proteins are attractive ligands for applications that require
ighly specific targeting. Using the classical concept of the
magic bullet” proposed almost 100 years ago by Paul Ehrlich,
uch a targeting protein needs to be conjugated to either a spec-
roscopic probe or a drug [1]. Commonly, the amine groups
resent in lysines are chosen for the conjugation of synthe-
ic groups, since lysines are widely available in proteins and
he positively charged groups are preferentially located at pro-
ein surfaces [2,3]. However, lysine modification often results
n conjugation at multiple sites on the protein, which sometimes
esults in protein inactivation. Insights into factors that deter-
ine the relative reactivities of lysine side chains are still limited,

n part because of a lack of convenient analytical approaches.

esides providing fundamental knowledge about lysine reacti-
ity, such a method should allow detailed characterization of
roteins after bioconjugation with fluorescent labels.

Abbreviations: CNA35, collagen-binding protein (PDB ID: 2F68); OG488,
regon Green 488; CNA35–OG488, Oregon Green 488-labeled CNA35 protein.
∗ Corresponding author. Tel.: +31 40 2474728; fax: +31 40 2451036.
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Mass spectrometric identification of peptide fragments after
roteolysis is a common method to map post-translational modi-
cations in proteins [4–6]. Several studies have previously used

his method to assess the amine reactivities of lysine residues
7–9]. Przybylski and coworkers used amino-acylation to probe
he surface accessibility of lysine side chains in four model
roteins [7]. More recently, the use of amidination was repor-
ed as a general method to probe protein tertiary structure
8]. The latter modification has the advantage that it retains
he positive charge of the original amine. However, because
he signal intensity in mass spectrometric detection depends
trongly on the ionization efficiency of the peptide fragments,
uantitative comparison of the relative reactivities of various
mine groups in the same protein remains difficult using this
ethod.
In the present study we have combined mass spectrometry

ith fluorescence detection to analyze tryptic digests of the
uorescently labeled collagen-binding protein CNA35. In this
cheme fluorescence detection is used to identify and quan-

ify the relative abundance of fluorescently labeled peptide
ragments, whereas mass spectrometry allows identification of
he specific lysine residues that were modified (Fig. 1). Our

ethod identified ‘labeling hot-spots’ at two flexible parts of
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ig. 1. Flow diagram showing each step of the analytical procedure to identify
uorescently labeled residues and determine their relative abundance.

NA35, positions that were consistent with all structural and
iochemical data available on the collagen-binding properties of
NA35.

. Experimental

.1. Preparation of CNA35 and CNA35–OG488

The collagen-binding protein CNA35 was expressed, purified
nd labeled with a 10-fold molar excess of the succinimi-
yl ester of Oregon Green 488 carboxylic acid (Invitrogen,
eiden, The Netherlands) as previously reported [10]. The

abeling ratio was determined by measuring the absorbance
MultiSpec-1501, Shimadzu, Kyoto, Japan) at 496 nm for
G488 (ε496 = 72,000 cm−1 M−1) and at 280 nm for the pro-

−1 −1
ein (ε280 = 33,167 cm M ). The absorbance at 280 nm was
orrected for the contribution by the dye by subtraction of
.12 × A496 nm (Invitrogen, Leiden, The Netherlands). After-
ards the protein solutions were stored at −80 ◦C.
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.2. Tryptic digestion of CNA35 and CNA35–OG488

CNA35 and CNA35–OG488 solutions were diluted to a final
oncentration of 0.5 mg/mL and 1.0 mg/mL, respectively, in
00 mM Tris–HCl buffer, pH 8.5 and 20% (v/v) acetonitrile.
roteomics grade trypsin (Sigma, Steinheim, Germany) was
dded from a 1.0 mg/mL stock solution in 1.0 mM HCl to a final
rypsin-to-protein ratio of 1:50 (w/w) and incubated at 37 ◦C.
igestion was followed in time for at least 1 day and was stopped
y the addition of 1.0 M HCl to obtain pH 1–2.

.3. LC–MS characterization

LC–MS characterization of intact and digested CNA35 and
NA35–OG488 was performed on a LCQ Deca XP MAX

Thermo Finnigan, USA), equipped with a Surveyor autosam-
ler, a RP-HPLC Polaris C18-A column (Varian, Torrance,
A, USA): 100 mm × 2.0 mm, 200 Å, 3 �m, and a Surveyor
DA detector connected to an ESI-ion trap mass spectrome-

er. Two LC-10AD VP pumps and a DGU-14A degasser (all
rom Shimadzu, Kyoto, Japan) were also connected, one pump
or ultrapure water and one for HPLC grade acetonitrile (Bio-
olve, Valkenswaard, The Netherlands), which both contained
.1% (v/v) formic acid (98–100%, Merck Darmstadt, Germany).
he LC–MS was controlled by Xcalibur Software (Version
.3). The column temperature was set to 35 ◦C, the flow rate
as 0.2 mL/min, and 2.0–4.0 �L of sample solution was loa-
ed on the column. The CNA35–OG488 digestion mixture was
nalyzed with an RF-10AXL fluorescence detector (Shimadzu,
yoto, Japan) inserted between the end of the column and the

nlet of the ESI-MS system. Gradient elution was optimized
or separation of the fluorescent peptides, where a gradient was
pplied from 15% to 35% acetonitrile in 40 min. The settings for
onization, for the ion optics and the ion trap were default, except
hat mass analysis was adjusted to two microscans and the mass
ange was minimized to m/z 300–1500. Data-dependent tandem

S analysis was performed via two scan events, the first in Tur-
oScan MS mode and the second in data-dependent tandem MS
ode. MS data was displayed in Xcalibur Qual Browser, where

moothing (Gaussian, 7 points) and baseline subtraction were
pplied (<10% abundance, two degrees of freedom).

The mass spectra belonging to the intact proteins were decon-
oluted using MagTran (Version 1.02) [11]. The fluorescent
eaks were analyzed using DAx software (Version 8.0, Van
ierlo Software Consultancy, The Netherlands). The expected

ragments for tryptic-digested CNA35 were simulated using the
ioLynx Protein/Peptide Editor supported by MassLynx (Ver-

ion 4.0, Micromass, UK). Trypsin was defined to cleave at the
-terminal site of all lysines and arginines, except if a proline
as located next to them. Complete digestion would result in 36

ryptic peptides, denoted from T1 to T36, where T1 originated
rom the N-terminal site of CNA35 and T36 from the C-terminal
ite. Up to two missed cleavage-sites were taken into account

hen analyzing the LC–MS data. For the digestion of labeled
NA35–OG488, up to five missed cleavages were taken into
ccount. The number of ligated OG488 labels was varied from
ne to the total amount of lysines present in the peptide, where
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ig. 2. Fluorescent labeling of the collagen-binding protein CNA35 (PDB ID:
robe CNA35–OG488.

he peptide mass increased with 394 Da per ligated OG488 label.
andem MS data were analyzed using Bioworks Browser 3.0
Xcalibur, ThermoFinnigan), allowing for modification of both
ysine and hydroxyl containing amino acids.

. Results and discussion

We recently reported the application of the fluorescently labe-
ed collagen-binding protein CNA35 as an excellent probe for
he visualization of collagen in tissues and life cell cultures
10,12,13]. Treatment of CNA35 with 10 equiv. of Oregon Green
88 succinimidyl ester was shown to result in the conjugation of
n average three fluorescent labels, despite the presence of 31
urface accessible lysine residues (Fig. 2). Since the collagen-
inding properties of CNA35 were not affected by fluorescent
abeling [10], the lysine residues present at the collagen-binding
ite were probably not reactive. These properties and the availa-
ility of a high resolution X-ray structure [14,15] make CNA35
n ideal protein to validate our method of using a combination of
uorescence and MS analysis of tryptic peptide digests. Fig. 3

hows the ESI-MS spectra of CNA35 obtained before (A) and
fter labeling with OG488 succinimidyl ester (B). Deconvolu-
ion of the mass spectrum of OG488-labeled CNA35 showed the
resence of protein with one to four OG488 labels per protein,

f
fl
p
p

ig. 3. (A) Mean protein mass (n = 5) of intact CNA35 protein (expected MW 35,905
f OG488 succinimide (MW 509 Da) is illustrated by the stars, where each star corres
pectra with indicated some of the charges.
) with Oregon Green 488 succinimidyl ester results into the collagen-binding

hich is consistent with the average labeling ratio of three per
NA35 obtained using optical spectroscopy [10].

Because trypsin cleaves specifically at lysines and arginines,
ryptic digestion is ideally suited to probe lysine modifications.
omplete digestion of all unmodified lysine residues would

esult in fluorescent peptide fragments without any non-labeled
ysine residues, and in this way remove a possible source of
mbiguity. Optimal digestion conditions were first established
or unlabeled CNA35 protein (Supporting information, Fig. S1).
ryptic digestion for 1 day at 37 ◦C in 20% (v/v) acetonitrile
nd pH 8.5 generated peptide fragments covering most of the
NA35 protein sequence (84%). Extension of the digestion time

o up to 5 days did not further increase the amount of protein
overage. The same digestion conditions were then used for
he CNA35–OG488 protein and the peptide mixture was ana-
yzed using a fluorescence detector connected to the LC–MS
ystem. The chromatogram obtained using fluorescence detec-
ion (Fig. 4A) was very different from the total ion current
hromatogram (Fig. 4B). This finding illustrates the importance
f using fluorescence detection for identifying labeled peptide

ragments. Unlike mass spectrometry [7,8], the peak areas in
uorescence can be used to quantify the relative amount of each
eptide, and therefore the reactivity of each lysine present in the
rotein. To determine the peak areas complete peak separation

Da) and (B) labeled CNA35–OG488 as measured with ESI-MS. The ligation
ponds to an additional mass of 394 Da. The insets show the corresponding mass
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Fig. 4. (A) Fluorescence chromatogram (excitation at 496 nm and emission at
524 nm) and (B) MS chromatogram of CNA35–OG488 fragmented by tryptic
digestion (1:50 (w/w)) for 21 h at 37 ◦C in 100 mM Tris–HCl buffer, pH 8.5, 20%
(v/v) acetonitrile. After LC separation, the peptide mixture was analyzed by the
fluorescence detector immediately followed by ESI-MS. Peak separation was
optimized for the fluorescent peptides specifically using a gradient from 15%
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o 35% acetonitrile in 40 min. The assignment of the most intense fluorescent
eaks is shown in Table 1 and relates to the marked peaks in the fluorescence
hromatogram.

s required. Compared to the tryptic digest of unlabeled CNA35
Supporting information, Fig. S1), however, poorer peak separa-
ion was noticed for the labeled peptides and the gradient needed

o be adjusted to less than 1% acetonitrile per minute (Fig. 4).

In the assignment of the fluorescent peaks we focused on
he peaks with at least 1.5% of the total fluorescence intensity
Table 1). Several of the small peaks with <1.5% intensity could

m
fl
C
t

able 1
dentification of the labeled lysines in trypsin-digested CNA35–OG488 using fluores

eak# Fluorescence MS

tRa (min) Aa,b (%) tRa,c (min) z measure M measu

1 11.64 5.01 11.74 1, 2, 3 1199
2 13.24 2.22 13.36 2, 3 1468
3 13.90 6.65 14.08 2, 3 1539
4 15.56 2.86 15.74 2, 3 1483
5 19.21 15.2 19.04 1 515
6 19.56 3.73 19.63 3, 4, 5 3369
7 25.57 5.66 25.57 6, 7, 8, 9 7768

8 26.51 5.26 26.82 3, 4 2945
9 26.80 2.56 26.84 2, 3 2502
0 28.40 6.46 28.55 1, 2, 3 1179
1 31.97 6.15 31.87 2, 3 2657
2 32.94 3.40 32.99 2, 3 1934
3 33.51 3.58 33.49 2, 3, 4 2912
4 34.63 1.65 34.67 2, 3, 4 2361
5 35.31 2.15 35.36 2, 3 2339
6 36.15 3.58 36.26 3, 4 3647

a Values are the average over four measurements.
b Relative peak area measured by the fluorescence detector, where total peak area o
c The retention time measured by MS was determined by plotting the mass chroma
d The measured mass was determined by deconvolution of the mass spectra.
e Tryptic peptides were denoted from T1 to T36, where T1 originated from the mo
f The calculated average mass determined in the digest simulation, which included

ne to five, equal to the number of present lysines.
g Residue number of OG488-labeled lysines.
h Product ion spectra obtained with tandem MS analysis were too complex to ident
ogr. B  863 (2008) 293–297

e identified too, but they were not considered further in our ana-
ysis of labeling preferences. Most of the peaks in Table 1 could
e assigned to the modification of a specific lysine residue as
heir mass corresponded to a unique peptide fragment containing
nly a single OG488 label. Despite the relatively high cleavage
overage for trypsin, several peptide fragments were identified
ith missed cleavage-sites. In that case tandem MS analysis was
sed to further fragment the specific peptide fragment to allow
ssignment of the lysine residue that was modified (Table 1:
eaks 1–3, 12, and 14; see Fig. S2 for an example). Tandem
S analysis was also used to confirm that OG488 labeling had

xclusively occurred on lysine residues for all peptides listed
n Table 1, no peptides were identified that contained modifica-
ion of, e.g., hydroxyl side chains. Only for peaks 6 and 7 the

odified residue was not identified. The large size of these pep-
ides, 3369 Da and 7768 Da, respectively, yielded very complex
roduct ion spectra that prevented unique assignments.

Fig. 5 shows the overall structure of the CNA35 protein with
ll lysine side chains depicted in ball-and-stick representation.
olor-coding was used to illustrate the relative reactivity of each

ysine based on the intensity of their fluorescent peaks (Table 1).
lthough lysine modification was detected for 11 lysine residues
istributed over the entire protein, two ‘hot-spots’ for fluores-
ent labeling can be identified on CNA35. As shown in Fig. 5,
ne site is located in a flexible loop in the N-terminal subdo-

ain (in green) around lysine K30. The most prominent site of
uorescent labeling are the five-lysine residues present at the
-terminus of CNA35. The absence of this C-terminal part in

he X-ray structure indicates a high flexibility [15], suggesting

cence and LC–MS

Assignment

red (Da) Peptidee M calcf (Da) Total labels Labeled K#g

T34–36 1198 1 323
T33–35 1469 1 320
T33–36 1539 1 320
T27–28 1484 1 265
OG488 509
T15–17 3370 1 130 or 139h

T9–14 7766 3 Unknownh

T14–19 7766 1 Unknownh

T31–32 2945 1 313
T15–16 2503 1 130
T32–33 1180 1 317
T3–4 2658 1 30
T33–36 1933 2 320 and 326
T12–13 2912 1 101
T32–36 2361 2 317 and 320
T8–9 2340 1 57
T25–26 3648 1 241

f all fluorescent peaks corresponds to 100%.
togram for each peptide using the z values shown in the adjacent column.

st N-terminal site of CNA35 and T36 from the most C-terminal site.
up to five missed cleavage-sites and a varying amount of OG488 labels from

ify the modified lysines.
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Fig. 5. (A) Frontview and (B) backview of the CNA35 X-ray structure with the lysine side chains shown in ball-and-stick representation (PDB ID: 2F68). The color
of the lysines indicates their relative peak area in the fluorescence chromatogram (Table 1). Red, >5.0%; purple, 2.5–5.0%; blue, 1.5–2.5%; grey, <1.5%. Residues
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13–327 at the C-terminus are not defined in the X-ray structure, but they do co
11.4%), K323 (5.0%), K326 (1.7%). The * indicates that either K130 or K139
he assignment.

hat flexible regions in a protein structure are highly reactive
owards reaction with succinimide ester dyes. Remarkably, none
f the lysines located around the collagen-binding cavity were
odified, which is consistent with our previous finding that the

ffinity for collagen was not affected after fluorescent labeling
10].

. Conclusion

ESI-MS analysis of the fluorescently labeled collagen-
inding probe CNA35 showed a heterogeneous mixture of
NA35 proteins with one to four Oregon Green 488 labels per
rotein. To identify the exact locations of the fluorescent labels,
he modified protein was treated with trypsin and characterized
ith LC–MS directly connected to a fluorescence detector. MS
as used for the identification of the labeled lysine residues in the
robe and fluorescence detection allowed their quantification, as
he peak area of the fluorescent peaks gives a good estimation of
he relative amount of each labeled lysine in the digestion mix-
ure. Combining both techniques revealed two preferred sites
or fluorescent labeling in the CNA35 probe, where the ‘labe-
ing hot-spots’ were primarily located in flexible regions of the
rotein. The approach presented here is a convenient way to
alidate newly designed protein-based fluorescent sensors, espe-
ially when the conjugates, like the fluorescein-based OG488,
uppress the ionization process.
cknowledgements
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Supplementary data associated with this article can be found,
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