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Abstract In order to study the conformational stability induced
by the replacement of Tyr-64 in Desulfovibrio vulgaris Hilden-
borough (DvH) cytochrome css3, fast peptic digestion of
deuterated protein followed by separation and measurement of
related peptides using liquid chromatography coupled to electro-
spray ionization mass spectrometry was performed. We show
that the H-bonding and/or solvent accessibility properties were
modified by the single-site mutation. The mutant proteins can be
classified into two groups: the Y64F and Y64L mutants with
nearly unchanged deuterium incorporation compared to the wild-
type protein and the Y64S, Y64V and Y64A mutants with
increased deuterium incorporation. The 70-74 peptide was the
most affected by mutation of Tyr-64, the phenylalanine mutant
inducing slight stabilization whereas the serine mutant was
significantly destabilized. In addition, from the analysis of the
overlapping 37-57 and 38-57 peptides we can conclude that the
amide proton of Tyr-38 has been replaced by deuterium in all
proteins.
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1. Introduction

Proteins are one of the most abundant and important bio-
polymers, and one aim of biochemistry is to understand the
factors that control their stabilities as well as their activities.
The relationship between activity and 3D structure can be
studied by site-directed mutagenesis techniques followed by
circular dichroism [1], calorimetry measurement [2], NMR
[3]. X-ray crystallography, and more recently by MS [4].
ESI-MS was first used to determine the molecular mass of
proteins up to 100 kDa with an accuracy of 0.01% [5]. The
charge-state distribution, resulting from the electrospray ioni-
zation process, can be used as a snapshot of the protein con-
formation in solution [6,7] and several authors have used it to
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probe the influence of parameters such as temperature {8], pH
[9-11] or solvent [12]. However, the charge state distribution is
not always sufficient, and therefore the introduction of isotop-
ic exchanges monitored by ESI-MS seems to be a promising
and complementary approach to study further the conforma-
tional properties of proteins [13-17]. The H/D exchanges in
proteins are known to be dependent on the accessibility of
labile hydrogens to the solvent. Hydrogens which are buried
in the hydrophobic core or involved in H-bonding found in
secondary structures, such as a-helices or B-sheets, are slowly
exchanged [3,6,18]. To give a more precise description of the
location of isotope exchange sites, we have developed a new
procedure (summarized in Fig. 1) based on fast peptic cleav-
age of deuterated protein at 0°C, pH 2, followed by fast sep-
aration using liquid chromatography (LC) coupled to UV and
MS detection [19].

In this paper, we describe the conformational study of a
ferricytochrome c¢y53 isolated from a sulfate-reducing bacter-
ium Desulfovibrio vulgaris Hildenborough (DvH). The DvH
cytochrome cs53 is of great interest because of its very low
redox potential (+20 mV), compared to the normal range of
approx. 200450 mV for the cytochrome ¢ family. The three-
dimensional structure of this protein has recently been deter-
mined {20]. Several studies have shown that aromatic residues
are often involved in the preservation of the hydrophobic core
around the active center and in hydrogen bonding networks
[21,22]. These residues are also supposed to act during the
electron-transfer process [23]. Tyr-64 is situated close to the
N-terminal helix, the C-terminal helix and the heme [20]. Tt
has been replaced by Phe, Leu, Val, Ala and Ser (Y64F,
YodL, Y64V, Y64A, Y64S) in order to study its possible
role in electron transfer and redox potential regulation. These
mutants were submitted to H/D exchanges, to determine mod-
ifications in solvent accessibility due to structural perturba-
tions. The deuterated sites were located using peptic cleavages
combined with mass spectrometry.

2. Materials and methods

2.1. Materials

Acetic acid-d and deuterium oxide were purchased from Sigma (St
Louis, MO, USA). Poly(propylene) glycol was purchased from Al-
drich (Aldrich-Chemie, Steinheim, Germany). DvH wild-type and mu-
tants ferricytochrome c¢553 were obtained as previously described
[24.25].

2.2. HID exchange

For the analysis of deuterated peptides, 3 nmol of the ferricyto-
chromes c¢g53 were dissolved in deuterated water (pD 5.8) at a final
concentration of 300 pmol/ul. Exchange reactions were carried out at
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25°C for 3 h, then quenched by addition of 190 ul of an aqueous
solution of HCI (pH 1.9).

2.3. Enzymatic hydrolysis

For the enzymatic hydrolysis reactions, 400 ul of immobilized pep-
sin (Pierce Chemical Co., Rockford, USA) were deposited into the
filter cup of an ultra free Mc filter 10000 MWN (Millipore, Yoneza-
wa, Japan) and washed 3 times with 190 pl of the aqueous solution of
HCI (pH 1.9) to eliminate possible contamination. After quenching,
the deuterated cytochromes cs53 (3 nmol) were digested with immobil-
ized pepsin for 40 s at 25°C under nitrogen, at pH 1.9 at a substrate-
to-enzyme ratio 1:50 (w/w). The reaction was stopped by high-speed
centrifugation (Jouan Al4 Microfuge, Jouan, France) for 30 s at
12000 X g and the released peptides were separated as described be-
low.

2.4. ESI-MS

ESI mass measurements were performed on a Sciex API III+ triple
quadrupole mass spectrometer (Perkin-Elmer Sciex Instruments,
Thornhill, Ontario, Canada) equipped with a nebulizer-assisted elec-
trospray (ionspray) source. Calibration was performed using poly-
(propylene) glycol ions. Samples were infused into the source using
a Harvard 22 syringe pump (Harvard Apparatus, Ealing, USA) at a
flow rate of 5 pl/min. Full scan spectra were acquired in positive mode
using Quadra 950 data system (Apple Computer Inc., Cuppertino,
USA) and several scans were averaged in order to improve the sig-
nal-to-noise ratio. The mass spectrometer was scanned from m/z 400
to 1400 with 0.5 Da steps and 2 ms per step. MacBioSpec software
(Perkin-Elmer Sciex) was used to calculate theoretical peptide mole-
cular mass.

2.5. LCIESI-MS of peptic digests

Liquid chromatography (LC) was directly coupled to ESI mass
spectrometry using a 140B syringe pump system (Applied Biosystems,
Foster City, USA). Digest mixtures were immediately injected onto a
Brownlee reverse-phase Cig column (5 pm, 2.1 mm X 150 mm, Applied
Biosystems) at a flow rate of 170 pl/min. Using a Valco T, a split of
1/6 was applied such that approx. 30 pl/min was directed to the mass
spectrometer. The remaining effluent was diverted to an Applied Bio-
systems 785 UV detector monitoring at 214 nm. Peptide separations
were achieved using a linear gradient of 15-50% acetonitrile (0.1%
TFA) for 15 min. Solvents and column were stored in a ice bath.
Mass spectra (m/z 400-1400) were acquired with a 2 ms dwell time
per step of 0.5 Da.

2.6. MALDI-MS

MALDI mass spectra were recorded on a Perseptive Voyager in-
strument (Perseptive Biosystems, Cambridge MA, USA). o-Cyano-4-
hydroxycinnamic acid dissolved in 70% acetonitrile solution was used
as matrix. 1 pl of the digests (15 pmol/ul), dissolved in an aqueous
solution of methanol/water (50:50) containing 5% acetic acid, was
mixed with 1 pl of the matrix solution. 1 ul of this mixture was
deposited on the target and dried. Spectra were recorded from 30
laser shots (nitrogen laser, 337 nm). The instrument was calibrated
using human insulin or ACTH/angiotensin I mixture as external
standard. All ions were accelerated with an extraction voltage of
30 keV.

2.7. Amino acid sequencing

Amino acid sequences of the cytochrome css3 peptides were ob-
tained using an Applied Biosystems sequenator (477A) coupled to
an on-line PTH-amino acid analyzer (120A). All sequencing reagents
were obtained from Applied Biosystems.

3. Results and discussion

3.1. Identification of peptic peptides

Comparison of the total ion current profiles of the peptic
digests of wild-type and mutant proteins showed that similar
retention times for peptic fragments were obtained (see Fig.
2), indicating that mutations of Tyr-64 had no influence on
peptic cleavage. Note that the relative intensities of the total
ion current profiles were not identical, mainly for the Y64A
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Fig. 1. Schematic representation of H/D exchange followed by pep-
tic digestion and mass spectrometry analysis.

mutant. These variations were essentially due to the 58-69
peptide which contains the mutation. The ESI process which
produced multiply charged ions complicated the mass attribu-
tion and was not suited for the unambiguous identification of
peptic peptides. Therefore, an aliquot of each protein peptic
mixture was measured by MALDI-MS, which gave essentially
singly charged ions. The Y64A peptic mixture measured in the
MALDI reflectron mode is shown in Fig. 3. Surprisingly,
peptides present with poor yield of cleavage were observed
by MALDI-MS. This phenomenon was probably due to bet-
ter sensitivity and different desorption from the matrix with
this ionization technique. However, peptides presenting lower
masses were absent in the MALDI spectrum because of the
matrix selectivity. In order to eliminate possible misinterpre-
tation due to the non-specific cleavage of pepsin, peptides
were also sequenced by Edman degradation. The analyzed
peptides were shown to cover the whole protein sequence
(Table 1).

3.2. Analysis of the peptic peptides from the deuterated
wild-type
For each peptide, deuterium incorporation was calculated
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Fig. 2. Comparison of the total ion current profiles of the Y64L (a), Y64F (b) and Y64A (c) peptic digested mutants.

as a mass increase compared to the theoretical value. The
accuracy of the mass measured for peptides was £0.3 Da.
Deuterium incorporation can be related to the stability of
the corresponding peptide in the native protein. In the case
of DvH wild-type cs53 we can identify peptic peptides (Table
1) with relatively low deuterium incorporation (9 and 10% for
the 7-37 and 70-74 peptides, respectively), and relatively high
incorporation (18, 20 and 21% for the 75-79, 37-57 and 58-69
peptides, respectively). However, as only few amide protons
were exchanged in each fragment and because the central
fragments were quite long, we cannot draw conclusions on
significantly stabilized or destabilized regions in this protein.

There are two possible reasons for the low number of ex-
changed amide protons: high stability of the native protein
with few amide protons being accessible to solvent or back
exchange of deuteriums during separation and analysis. Pre-
vious NMR measurements indicated very low exchange rates
for amide protons belonging to two helices (residues 3841

and 69-77) with lifetimes of more than a few weeks at room
temperature [26]. On the other hand, the half-life of the re-
verse exchange reaction (i.e. replacement of hydrogen with
deuterium) has been measured by mass spectrometry and cor-
responds to | h [14].

3.3. Comparison between the peptic peptides from the
deuterated mutants of cytochromes css;

As shown in Table 1, the proteins can easily be separated
into two groups as the wild-type and the Y64F, Y64L mutants
are found to incorporate less deuterium than the Y64S, Y64V
and above all the Y64A mutants. This was particularly true
for the central peptides where the exchange in the N- and C-
terminal fragments (fragments 1-6 and 75-79) was compar-
able for all proteins. The most significant differences corre-
sponded to the 7-37, 38-57 and 37-57 segments with an in-
crease in deuterium incorporation of 2 or 3 for the Y64A,
Y64S and Y64V mutants. The 58-69 peptide had almost the
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Fig. 3. MALDI spectrum acquired in the reflectron mode of the crude peptic digested Y64A mutant.

same values for the Y64A, Y64S and Y64V mutants with
approximately one more deuterium in the backbone amide
than for the wild-type, Y64F or Y64L mutants. The 70-74
peptide deuterium content was low for the Y64F mutant
whereas two deuteriums were measured in the Y64S mutant.
However, the amount of deuterium incorporation for the N-
and C-terminal segments clearly showed that these peptides
have the lowest mass increase, similar for all the mutants.
The overlapping 37-57 and 38-57 peptides displayed a mass
difference for deuterium incorporation of approx. 1.0 Da for

all proteins. This indicated that the tyrosine amide NH back-
bone in position 38 incorporates a deuterium. Thus, the pres-
ence of overlapping peptides increased the spatial resolution
of the method. It is of note that this deuterium incorporation
in Tyr-38 was not influenced by the mutation.

The Tyr-64 mutation resulted in local modifications of the
protein conformation leading to different peptic peptide ex-
change rates. The replacement of the tyrosine with serine,
alanine or valine had a destabilizing effect. This led to greater
accessibility of the backbone amide proton to the deuterated

Table 1
Peptides obtained from the peptic digestion of deuterated wild-type and mutant DvH ferricytochrome c¢ss3
Structure® Loc. M. (Da) N AM

wT Y64L Yo64F Y64S Y64V Y64A
Helix 1 1-6 516.3 5 0.7 0.5 0.9 1.2 0.6 1.0
Helix 1
Q-loop 7-37 3667.5 29 2.6 31 29 5.0 5.2 5.9
B-Turn
Helix 2 38-57 2271.7 19 238 2.5 2.7 4.4 5.4 6.1
Loop
Helix 3 37-57 2384.8 20 4.0 3.6 4.1 5.6 6.4 7.1
Helix 3
Turn 58-69 b 11 23 2.7 24 3.7 3.5 4.0
Helix 4
Helix 4 70-74 516.3 4 0.4 0.4 0.1 2.0 1.3 1.6
Helix 4 75-79 640.3 4 0.7 0.9 0.8 1.2 1.0 0.9

The accuracy of the AM values for the several peptides corresponds to *+0.3 Da.

4The three-dimensional structure of the cytochrome cs53 is reported for each peptide from NMR results [24]; Loc., localization of peptic peptides.
M., calculated mass; AM, mass difference corresponding to deuterium incorporation; N, number of exchangeable backbone NH.

b58-69 peptide calculated mass is 1396.5 Da in the case of the wild-type, 1346.5 Da for Y64L, 1380.5 Da for Y64F, 1320.4 Da for Y64S, 1332.5 Da

for Y64V, and 1304.4 Da for Y64A.
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solvent. These results were in good agreement with a previous
study using H/D exchanges of the whole protein monitored by
ESI-MS which showed that the various cytochromes cs53 can
be classified by a stability ladder with the wild-type > Y64-
F=Y64L > Y64V > Y64A [27]. In the case of Y64S mutant,
Blanchard et al. [25] have shown that this particular mutant
had a stability close to the Y64V,

In conclusion, we have shown that mass spectrometry can
provide structural information based on deuterium incorpora-
tion in proteins. This new approach was used on the ferricy-
tochrome c;53 and several mutants in which the Tyr-64 was
replaced by either phenylalanine, leucine, valine, alanine or
serine. We have shown that regions involved in structural
perturbation can be assigned. This method can be applied in
a relatively short time, requires only nanomole quantities, and
large proteins can be analyzed.
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