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ABSTRACT: Protein phosphorylation on serine/threonine side chains represents a major regulatory event
in the posttranslational control of protein functionality, where it is thought to operate at the level of structural
changes in the polypeptide chain. However, key questions about molecular aspects of phosphate ester
induced conformational alterations remain open. Among these concerns are the radius of action of the
phosphate ester group, its effective ionic state, and its interplay with distinct bonds of the polypeptide
chain. Primarily to define short-range effects upon threonine phosphorylation, the native 65 amino acid
protein hirudin, conformationally restrained by a proline flanking the pThr45 site and three intramolecular
disulfide bonds, was structurally characterized in both the phosphorylated and the unphosphorylated state
in solution. Circular dichroism and hydrogen exchange experiments (MALDI-TOF) showed that structural
changes were caused by Thr45-Pro46 phosphorylation only when the phosphate ester group was in its
dianionic state. The spatial arrangement of the amino acids, monitored by1H NMR spectroscopy, appears
to be affected within a radius of about 10 Å around the pThr45-OγΗ, with phosphorylation resulting in
a loss of structure and increased flexibility within a segment of at least seven amino acid residues. Thus,
the transition from the monoanionic to the dianionic phosphate group over the pH range 5.2-8.5 represents
a general phosphorylation-dependent conformational switch operating at physiological pH values.

The cascade of phosphorylation and dephosphorylation at
serine and threonine side chains of proteins is one of the
most common bases for the reversible control of protein
activity. Protein Ser/Thr kinases and phosphatases catalyze
this type of posttranslational modification (reviewed in refs
1, 7, and 12). In addition to steric blockage of the active
site, as in the case of isocitrate dehydrogenase (11), Ser/Thr
phosphorylation may also cause major conformational al-
terations in the protein structure. Two prominent examples
of long-range conformational rearrangements induced by
phosphorylation are provided by (1) glycogen phosphorylase
(19), which has been crystallized in the active phosphorylated
and the inactive nonphosphorylated form, and (2) the
bacterial NTRc protein determined by nuclear magnetic
resonance studies (15). It is thought that attractive or
repulsive forces introduced by the phosphate ester group play
the major role in chain displacement. In addition, phospho-
rylation-induced conformational changes are thought to be
responsible for the altered thermodynamic stability of several
proteins. These include protein kinase CR (2) and phyto-

chrome A (17). A helix-dipole stabilizing effect has been
reported for the phosphorylation of the HPr protein (23), and
a perturbation of secondary structure by phosphorylation was
observed for the cytoplasmic domain of phospholambam (18,
21). Phosphorylation also seems to affect the morphology
of bacterial fibers ofNeisseria gonorrheae, which are
responsible for the virulent attachment and motility of
numerous bacterial pathogens (6).

Despite such numerous studies, there is a lack of informa-
tion about fundamental molecular aspects of the phosphate
ester effects, including the influence of the protonation state
of the phosphate ester group, and the radial extension of its
effects into neighboring polypeptide segments. Conforma-
tional changes in short model peptides, which were recently
observed upon phosphorylation of a Ser/Thr site (26, 29),
shed some light on how a pH-sensitive structural rearrange-
ment induced by protein phosphorylation may function on
the peptide level.

The present work compares the pH-dependent conforma-
tional states of hirudin in its phosphorylated form with those
in its nonphosphorylated form. Residue Thr45 of the Thr45-
Pro46 moiety was identified as the phosphorylated amino acid
(4). Thr45 is located on the surface of hirudin (Figure 1) and
is revealed by its signature sequence as an accessible target
site for proline-directed protein kinases (3, 16). The phos-
phate ester moiety of pThr45 is located greatly distant from
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charged residues (>5.3 Å). Such a distance, taken together
with the rigid hirudin structure, excludes chain rearrangement
by formation of short-range salt bridges or charge repulsion.
However, conformational changes around the pThr-Pro
peptide bond remain a possible mechanism for phosphory-
lation-induced structural alterations. Therefore, hirudin was
chosen as a model system to study influences of phospho-
rylation upon the local structure of proteins.

MATERIALS AND METHODS

Materials. Recombinant desulfated hirudin and pThr45-
hirudin1 were generous gifts from Dr. R. Obermeier (Hoechst
AG, Frankfurt, Germany). For further use pThr45-hirudin was
separated from a yellow pigment in the bulk by gel filtration
on a Superdex 75 (16/60) column (Pharmacia, Uppsala,
Sweden). PP2A was kindly provided by A. Werner (Halle,
Germany). Buffers and all other chemicals were from Sigma
(Deisenhofen, Germany) or Serva (Heidelberg, Germany).

Optical Spectroscopy.Protein concentrations were deter-
mined spectrophotometrically using the molar extinction
coefficients at 280 nm (3280 and 2560 M-1‚cm-1 for
oxidized and reduced hirudin/pThr45-hirudin, respectively),

which were calculated from the primary structure as de-
scribed by Gill and von Hippel (33). UV/vis spectrometric
measurements were performed on a Zeiss Specord S10 diode
array UV/vis spectrophotometer.

Far-UV circular dichroism (CD) spectrawere measured
with a Jasco J710 spectropolarimeter equipped with a
thermostated cell holder and a Neslab RTE-100 water-
circulating bath in a 0.1 cm cell at 20°C. At least 16 scans
in a range between 250 and 197 nm were averaged for each
measurement, and the resulting spectra were normalized to
mean residue weight ellipticities and smoothed using the
Jasco Series 700 software.

Fluorescence measurementswere carried out on a Fluo-
roMax-2 fluorescence spectrometer (Instruments S. A.,
Edison) in 1× 1 cm cells. All buffers were filtered to remove
insoluble components. All spectra were corrected for the
contributions of the buffers and additional sample compo-
nents by using corresponding references.

NMR Spectroscopy.31P NMR measurements were per-
formed on a Bruker ARX 500 spectrometer with the proton
resonance frequency at 500.13 MHz and the31P resonance
at 202 MHz, respectively. All spectra were recorded at 295
K. Temperature calibration was performed using an 866
thermometer (Keithley). All other spectra were recorded on
a Bruker DRX 500 spectrometer equipped with shielded
z-gradients setting the temperature to 300 K. Calibration was
done via a variable temperature unit (Eurotherm B-VT-2000).
Samples for pH-dependent measurements contained 5-7 mg
of protein dissolved in a H2O/D2O (90/10 v/v) mixture. The
resulting deuteration ratio of the solvent was 10%. Phosphate
spectra were recorded with a broad-band probe head. DSS
was used as an internal standard for calibration of the proton
resonances.31P spectra were referenced to 85% phosphoric
acid in a spherical container immersed in the sample. The
pH of the sample was changed by adding KOH and HCl,
respectively. All pH values were measured with a combina-
tion glass electrode and not corrected for solvent deuterium
isotope effects. The results were fitted to the Henderson-
Hasselbalch equation.

Processing, analysis, and visual representation of the 2D
spectra were done using the NDEE program package
(SpinUp, Dortmund, Germany) on O2 or origin workstations
(Silicon Graphics Inc.). Gradient-selected spectra were
recorded in the phase-sensitive absorption mode with the
TPPI or echo-antiecho-TPPI method. The water resonance
was suppressed by applying the WATERGATE sequence
(22). The time domain data for1H frequencies were zero-
filled once or twice prior to Fourier transformation. 2D
spectra were acquired with 2K data points in thef2 dimension
and 400 data points in thef1 dimension using 8 or 16 scans.
Prior to Fourier transformation all spectra were multiplied
with a sine-bell square or sine window function shifted by
π/2 or π/4.

Hydrogen Exchange Experiments and Mass Spectrometry.
Kinetics of deuterium incorporation by exchange of amide
protons to deuterons in hirudin and pThr45-hirudin was
monitored by MALDI-TOF mass spectrometry using a
Bruker REFLEX mass spectrometer (Bruker Daltonik GmbH,
Germany). The in-exchange of deuterium was initiated by a
10-fold dilution of 140µM protein buffered with 10 mM
ammonium acetate (pH 6.0) in D2O buffered with 10 mM
ammonium acetate (pD 6.0) at 0°C. In another experiment

1 Abbreviations: DQF-COSY, double-quantum-filtered correlated
spectroscopy; MALDI-TOF-MS, matrix-assisted laser desorption ion-
ization time-of-flight mass spectrometry; NOESY, nuclear Overhauser
enhancement spectroscopy; pThr45-hirudin, hirudin phosphorylated at
Thr45; PP2A, protein phosphatase 2A; TOCSY, total correlated
spectroscopy.

FIGURE 1: Top: Schematic drawing of the backbone conformation
of hirudin (variant 1) N-terminal core domain 1-51 (28) using the
program RasMol, v. 2.6 (25), and the PDB file 1HIC. Positions of
Thr45 and Pro46 are indicated by sticks. The three disulfide bonds
are symbolized by lines. Bottom: Amino acid sequence of hirudin
used in this paper. Merely, the two N-terminal amino acids (Leu-
Thr-) differ from the natural sequence of hirudin (variant 1) (Val-
Val-). Plain lines and asterisk represent disulfide bridges and the
phosphorylated threonine residue, respectively.
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the hydrogen exchange was started by dilution of the protein
buffered with 10 mM ammonium carbonate (pH 8.0) in D2O
buffered with 10 mM ammonium carbonate (pD 8.0) at 0
°C. To stop the incorporation of deuterons at appropriate
time points, aqueous quenching buffer was added to the
sample, resulting in a final pH of 2.4 and 10% D2O content.
To increase the sensitivity of the method, we developed a
new preparation protocol to minimize loss of deuterons
during analysis (paper in preparation). Accordingly, the
sample preparation and mass spectrometric analysis were
performed at-20 °C using a thin-layer preparation tech-
nique. At this low temperature a very efficient reduction of
the D/H back-exchange has been observed even if the
composition of the buffer solution (90% H2O) favors proton
incorporation during sample preparation. In a control experi-
ment the H/D back-exchange of fully deuterated pThr45-
hirudin relates to an amount of about 5% of the peptide bond
deuterons during sample preparation for mass spectrometry.
This value corresponds to the lower limit of back-exchange
reported for electrospray ionization mass spectrometry (ESI-
MS), which represents the classical method to measure
deuteron incorporation (27). Data were fitted using Sigma
Plot software (Jandel Scientific). Because of the limited
number of experimental data points the calculated rate
constants must be considered as approximate, whereas the
number of exchanging protons has been calculated with a
limit of error of about 3%.

RESULTS

Phosphorylation of Thr45 of Hirudin Causes pH-Dependent
Conformational Changes.Distinct protonation levels of the
phosphate ester group have the potential to control the
polypeptide backbone structure directly. This is important,
as the ability to switch from a singly charged to a doubly
charged moiety in a pH range close to neutrality is a unique
feature of the phosphate ester group. To study the influence
of phosphorylation upon protein conformation, a series of
far-UV CD spectra of hirudin and pThr45-hirudin at various
pH values (Figure 2) were performed. The very low circular
dichroism of both forms of hirudin indicates the regular
secondary structural content to be minor, in good agreement
with structural data reported by other groups (5, 8, 28).
Nevertheless, the data are clear in indicating the far-UV CD
spectrum of hirudin to be independent in the pH range of
5-8. In contrast, the spectrum of pThr45-hirudin is strongly
pH dependent, with the pKa of the phosphorylated form of
hirudin calculated from the CD data to be 7.2 (Figure 2 inset).
The far-UV CD spectrum of pThr45-hirudin at pH 6.0
(monoanionic phosphate) resembles more closely that of the
unmodified hirudin than it does the spectrum of pThr45-
hirudin at pH 8.0 (dianionic phosphate). In the spectrum of
pThr45-hirudin at pH 8.0 the greater negative CD signal at
around 200 nm probably arises from theπ-π* transitions
characteristic of the Cotton effects of peptide bonds (208-
210 nmπ-π* (|), 191-193 nmπ-π* (⊥)). This signal might
already indicate a structural change induced by conversion
of the phosphate ester group to its dianionic form, but the
weak CD signals prevent a definite conclusion about the loss
of ordered structure. A pH-induced effect on the preference
for particular backbone dihedral angles in phosphorylated
oligopeptides, earlier reported by Tholey et al. (29), thus

appears relevant to the backbone dynamics and overall
structure of proteins.

The protein kinase responsible for phosphorylation of
hirudin is unknown, but the reversibility of the phosphate-
based spectral changes was demonstrated by catalyzing
dephosphorylation of pThr45-hirudin with protein phosphatase
PP2A. The reaction was analyzed by far-UV CD spectros-
copy (Figure 3). PP2A had already been shown readily to
dephosphorylate the pThr-Pro motif of oligopeptides (31).
Cleavage of the phosphate ester group on Thr45 reestablished
the original CD spectrum of hirudin, showing that the
secondary structure lacking in pThr45-hirudin is reestablished
upon dephosphorylationsa prerequisite for a covalently
induced reversible conformational switch. This interpretation
of the measured CD spectra is based on the fact that

FIGURE 2: Far-UV CD spectra of hirudin at pH 6.0 (b) and pH
8.0 (O) and pThr45-hirudin at pH 6.0 (9) and pH 8.0 (0). The
spectra were obtained in 10 mM sodium formate (pH 4.0), 10 mM
MES (pH 5.0, 6.0, 6.5), 10 mM sodium phosphate (pH 7.0, 7.5),
10 mM Tris-HCl (pH 8.0, 9.0), and 10 mM sodium borate (pH
10.0) at 20°C. The protein concentrations were 0.1 mg/mL. The
inset shows a titration curve derived from the ellipticities at 200
nm of far-UV CD spectra of pThr45-hirudin at various pHs. The
solid line represents the result of a fit according to the Henderson-
Hasselbalch relationship (pKa ) 7.2).

FIGURE 3: Far-UV CD spectra of pThr45-hirudin, before (b) and
after (9) PP2A treatment, in comparison with the spectrum of
hirudin (O). PP2A (6.4µM) was incubated with a 20-fold molar
excess of pThr45-hirudin for 24 h in 20 mM HEPES (pH 7.5) at 20
°C. The sample was diluted with 10 mM sodium phosphate (pH
7.0), and the far-UV CD spectrum was recorded. The spectra were
obtained in 10 mM sodium phosphate (pH 7.0) at 20°C. The protein
concentrations were 0.1 mg/mL.
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phosphorylation leads to a spectrum that suggests an increase
in random coil, despite the highly constrained structure of
hirudin. This is clearly a qualitative result, as it must be, but
there is little doubt that phosphorylation produces a rear-
rangement of chain segments, the details of which will
emerge from studies at atomic resolution.

The pThr45 Flanking Segment Is SensitiVe to Ionization of
the Phosphate Ester Group As Probed by1H NMR. 1H
nuclear magnetic resonance spectroscopy directly identifies
the amino acid residues affected by the loss of secondary
structure upon formation of pThr45-hirudin. The advantages
of using NOESY spectra rather than COSY have been
discussed by Wang et al. (30). Here, NOE cross-peaks in a
2D NOESY spectrum, monitored at different pH values, were
used as sensitive probes for conformational changes within
particular regions of secondary structure. The pH value was
adjusted from 5.2 to 7.9 (hirudin) and 5.2 to 8.5 (pThr45-
hirudin), and the differences in both number and strength of
NOEs of Thr45-hirudin were recorded at each pH. A clear
assignment of NOEs for the amide and aromatic regions was
generally possible, but assignments were usually not possible
for the aliphatic area, which was densely populated with NOE
cross-peaks. As expected from the CD investigations, no
change with pH in the number of NOEs was observed for
hirudin, although NOE cross-peaks of exchangeable protons
broadened as the pH increased. Broadening effects and
spectral overlap prevent any conclusions about cross-peak
intensity changes. Thus, because of their unreliability, the
NOE intensities were not used to deduce structural changes
in either hirudin or in pThr45-hirudin. However, close
examination of the pThr45-hirudin spectra suggested a pH-
induced change in the chemical shifts for several NOEs
(Figure 4). To characterize these resonances, homonuclear
TOCSY and DQF-COSY spectra for both forms of hirudin
were recorded as a function of pH. A pH-dependent chemical
shift was observed only forΗΝ andΗR resonances of amino
acids Gly42, Gly44, and Pro46, all near pThr45 in pThr45-
hirudin. As an example, titration curves of theΗR resonance
frequencies of several amino acids are shown in Figure 5A.
The microscopic“pKa” (inflection point) values extracted
from the CR proton shifts of pThr45-hirudin lay in the range
of 7.3 to 7.6 ((0.2) and, therefore, are in good agreement
with themacroscopicpKa value measured by CD spectros-
copy (pKa ) 7.2; Figure 2). Particularly because these shift
changes occur only in the phosphorylated form of hirudin
and titrate with the same pKa as the phosphate ester group
as monitored by31P NMR titration studies (pKa ) 6.9 (
0.2; Figure 5B), it seems very probable that the structural
alterations that give rise to the shift changes are caused by
ionization of the phosphate ester group. A movement of all
ΗR shifts (of more than 0.1 ppm) of protons in the loop
region (Gly42 to Thr45) in the direction of their random coil
values was observed with increasing pH (Figure 6) in the
spectra of pThr45-hirudin, showing that the pH-induced
rearrangement consists of a loss of ordered structure. In
addition to these effects for Gly42 to Thr45, similar observa-
tions were made for Gln11, and some minor changes (<0.05
ppm) in the HR chemical shifts were seen for residues Gly10,
Asn26, and Pro46. All ΗΝ-ΗΝ andΗR-ΗR NOEs that derive
from turn andâ-sheet elements remained constant during
the pH-induced switch. Therefore, the structural rearrange-
ment was a local one, affecting only residues located in the

peptide segment preceding the pThr-Pro moiety (i.e., Gly42

to Pro46) and their spatial neighboring amino acids (Gln11,
Gly10) in the adjacentâ-strand. A radius of action of the
phosphorylated threonine residue can be defined by measur-
ing the distances between Thr45-OγΗ and the affected Xaa-
HR. This radius is about 10 Å in the case of pThr45-hirudin.

H/D Exchange Mass Spectrometry Data ReVeal a Loss of
Hydrogen Bond Network Dependent on Ionization of pThr45.
In previous work on the structural features of hirudin (8, 9),
static and transient interactions, mainly involving hydrogen
bonds around Thr45, were observed to stabilize the loop and
fix the dihedral angles of the surrounding amino acids
(Gly42ΗΝ-Gly25O, Gly25ΗΝ-Glu43Oε, Asn12ΗΝ-Thr45O,
and possibly Thr45ΗΝ-Gly10O). It was possible to explain
the chemical shift data on the basis of a perturbed hydrogen

FIGURE 4: (A) Part of the1H NOESY fingerprint region of hirudin
and pThr45-hirudin. HRi-HNi NOEs of A (gray)) Gly44

R1, B (red)
) Gly44

R2, C (green)) Gly42
R1, D (yellow) ) Gly42

R2, and E (blue)
) Glu43 are color-coded. Seven NOESY spectra of hirudin referring
to different pH values are superimposed (pH 4.7, 5.2, 5.8, 6.4, 6.9,
7.3, 7.9). (B) Part of the1H NOESY fingerprint region of pThr45-
hirudin. Seven NOESY spectra referring to different pH values are
superimposed (pH 5.2, 5.8, 6.4, 6.9, 7.3, 7.9, 8.5). The same color
coding as in panel A was used.
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bond network in pThr45-hirudin at pH 8.0. However, the
NMR fast-exchange regime, which prevails at pH 7.6-8.5,
prevents direct NMR observations of the appropriate signals.

To test the hypothesis of a perturbed hydrogen bond
network in pThr45-hirudin at pH values where the phosphate
ester group is in the dianionic state, H/D exchange experi-
ments were performed by MALDI-TOF mass spectrometry.
In contrast to CD spectroscopy, where only the equilibrium
content of secondary structure can be detected, hydrogen
exchange experiments provide both structural and dynamic
information (13, 14, 20).

The formation of hydrogen bonds in peptides or proteins
can slow the exchange of labile amide protons with
deuterium atoms from the solvent. A temporary fission of
these bonds (breathing) allows H/D exchange on a time scale
where the rate constant is limited by breathing events. Under
these conditions, the rate of deuterium incorporation is related
to the lifetime of the hydrogen bonds. Molecules with
identical structure and stability should thus exhibit identical
deuterium incorporation kinetics. This method does not allow
to detect the fraction of deuterium incorporated into groups
with freely exchangeable hydrogens. Therefore, all observed
deuterons are found to be present in secondary amide peptide
moieties (-CONH-). The kinetics of deuterium incorpora-
tion is described by the equation

whereND(t) is the number of deuterated peptide bonds at
time t, Nmax is the total number of secondary amide peptide
bonds, andk1 to kN represent the rate constants for the
exchange of the individual protons. To simplify this multi-
exponential function, the peptidic protons exhibiting similar
exchange rate constants were classified into four groups.
Accordingly,A, B, C, andD are the numbers of protons that
belong to the groups with either fast, medium, slow, or very
slow exchange kinetics represented by the averaged exchange
kinetic constantsk1, k2, k3, andk4. Assuming that the groups
with fast exchanging protons (groupA) are always in the
proton state due to the dead time of the experiments (10 s)
and the very slowly exchanging protons (groupD) do not
undergo H/D exchange within the time period of the
experiments (2 h), eq 1 simplifies to the equation

FIGURE 5: (A) pH-dependent chemical shifts ofΗR proton
resonances of pThr45-hirudin. The titration curves were fitted using
the Henderson-Hasselbalch equation (solid lines). The symbols
represent (9, pink) Gln11, (1, green) Gly42

R1, (1, yellow) Gly42
R2,

(9, blue) Glu43, (b, black) Gly44
R1, (b, red) Gly44

R2, and ([, light
blue) Pro46. (B) Titration curve for the phosphate ester group
attached to Thr45. Chemical shifts of the31P resonance were fitted
according to the Henderson-Hasselbalch equation (dashed line).
The resulting pKa value is inserted in the diagram.

FIGURE 6: Chemical shift differences at various pHs ofΗR protons
referred to their random coil values. The chemical shift differences
were calculated using the random coil values of Wishart et al.
(32): theΗR protons of amino acids glycine (3.96 ppm), glutamic
acid (4.35 ppm), and glutamine (4.34 ppm), respectively.

ND(t) ) Nmax - exp(-k1t) - exp(-k2t) -
exp(-k3t) ... - exp(-kNt) (1)

ND(t) ) Nmax - AC - B exp(-k2t) - C exp(-k3t) - DC

(2)
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whereAC ) 0 for t > 0 andAC ) Nmax - B - C - DC for
t ) 0. In this equationAC andDC represent a constant number
of protons. Curve fitting to eq 2 of the experimental data
points depicted in Figure 7A (hirudin and pThr45-hirudin at
pD 6.0) resulted in exchange parameters shown in Table 1.
The rate constantsk2 andk3 are similar for both hirudin and
pThr45-hirudin. Furthermore, the partitioning between the four
groups of the peptide bond protons in both proteins proved
to be identical. Taken together, a significant influence on
the hydrogen bond network of the monoanionic phosphate
ester group can be excluded. However, the situation changes
considering the dianionic state of the phosphate ester moiety.
The proton number partitioning differs between hirudin and
pThr45-hirudin at pH 8.0 (Figure 7B), and the proton numbers
seen in the four groups are significantly different between
pD 6.0 and pH 8.0. Due to the fast exchanging regime
effective at pD 8.0 all protons exchange with the solvent on
the time scale of 2 h. Under these assumptions eq 2 simplifies
to

The results of the analysis of the H/D exchange data of
hirudin and pThr45-hirudin at pD 8.0 using eq 3 are

summarized in Table 1. The kinetic constantsk2 and k3

describing the exchange kinetics of the medium and slowly
exchanging protons are similar in hirudin and pThr45-hirudin.
In contrast, the sum of medium and slowly exchanging
protons (groupsB and C) is 26.4 in hirudin and 20.6 in
pThr45-hirudin. The six “missing“ protons emerge in the
fraction of the fast exchanging protons. There are 40.4
protons belonging to groupA in pThr45-hirudin and only 34.6
in hirudin. Obviously, the conversion of the phosphate ester
moiety from the monoanionic to the dianionic form perturbs
part of the hydrogen bond network. These changes occur
solely in the direct proximity of the pThr-Pro bond, as
indicated by the NMR spectroscopic experiments. Good
candidates are the previously described Gly42ΗΝ-Gly25O,
Gly25ΗΝ-Glu43Oε, Asn12ΗΝ-Thr45O, and possibly Thr45ΗΝ-
Gly10O hydrogen bonds, where the amide proton shifts show
inflection points during the pH titration experiments.

DISCUSSION

In this paper we could show that phosphorylation of Thr45

of hirudin causes pH-dependent conformational changes. The
pThr45 flanking segment is sensitive to ionization of the
phosphate ester group as probed by1H NMR and CD
spectroscopy. The nature of the conformational changes
could be elucidated by H/D exchange mass spectrometry,
where data reveal a loss of hydrogen bond network dependent
on ionization of pThr45.

The chemical nature of the destabilizing effect of the
phosphate ester group remains unknown. In addition to the
second negative charge, which appears at pH 8, the dipole
moment of the phosphate ester group is altered. Dipole-
dipole interactions between the phosphate ester group and
the amide proton of the phosphorylated residue are thought
to represent “the driving force for the direct structural
consequences of phosphorylation” (29). Electrostatic repul-
sion or attraction could therefore be one reason for the local
structural changes described above. In Table 2 are given the
distances from any charged oxygen atom of the phosphate
group to the nearest charged groups (COO- or N+ of all
arginine, lysine, and glutamic and aspartic acid residues),

FIGURE 7: Time course of H/D exchange of peptide bond protons
monitored by MALDI-TOF-MS. Exchange kinetics were recorded
for hirudin (b) and pThr45-hirudin (O) at (A) pD 6.0 and (B) pD
8.0 (pD was corrected for isotopic effects). Each data point results
from an individual exchange experiment. The deuterium content
after exchange was averaged from three independent mass spec-
trometric measurements with an experimental error less than(0.8
Da. Data were corrected for the residual 10% H2O upon exchange
experiment and for 5% back-exchange during sample preparation.
Drawn lines represent the fits according to eq 2 (at pD 6.0) and eq
3 (at pD 8.0). Table 1 summarizes the exchange parameters used
for the fits.

ND(t) ) Nmax - AC - B exp(-k2t) - C exp(-k3t) (3)

Table 1: Calculated H/D Exchange Parameters of Hirudin and
pThr45-Hirudin at pD 6.0 and pD 8.0

pD 8.0a,c hirudin pThr45-hirudin

AC 34.6 40.4
B 13.0 9.5
C 13.4 11.1
k2

d (min-1) 2 × 10-1 2 × 10-1

k3
d (min-1) 2 × 10-3 2 × 10-3

pD 6.0b,c hirudin pThr45-hirudin

AC 18.3 18.2
B 18.6 17.9
C 8.9 9.5
DC 15.2 15.4
k2

d (min-1) 4 × 10-1 8 × 10-1

k3
d (min-1) 4 × 10-2 4 × 10-2

a Data were fitted according to eq 3.b Data were fitted according to
eq 2.c The total number of secondary amide peptide bonds,Nmax ) 61
in hirudin and pThr45-hirudin, represents the sum of amide protons in
groups A + B + C at pD 8.0 andA + B + C + D at pD 6.0,
respectively.d Because of the low number of experimental data points
the rate constantsk2 andk3 are only approximate.
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as calculated from a model of pThr45-hirudin (InsightII,
Biopolymer package). As can be seen, the only potential
candidate for an efficient repulsion is Glu43 with a shortest
possible distance between the nearest oxygen atoms of 5.3
Å. Supposing a maximum net oxygen charge of-1 and a
dielectric constant of 40 (24) for the protein surface in a
buffered aequeous solution, the free energy change∆G
would be approximately-2 kcal/mol. This is less than the
binding energy (-4 kcal/mol) of a single hydrogen bond in
water. Due to the distance criterion the charge-dipole
interactions of the phosphate oxygens with polarized linkages
such as the CdO, O-H, and N-H groups do not contribute
much to∆G (Table 2).

As the energy contribution of weak (rapidly exchanging)
hydrogen bonds to the molecular stability is lower than the
one from strong (slowly exchanging) hydrogen bonds found
in â-sheets,R-helices, or turn elements, destabilization of
pThr45-hirudin at pH 8 is weak and results in partial unfolding
in a limited volume of the molecule. Unfolding of small
regions after site-directed covalent modifications of proteins
seems to occur frequently but is difficult to detect. For
example, uncoupling of the reaction rate of modification of
the active site from depletion of catalytic activity serves as
sensitive tool for local unfolding in enzymes (10). Here we
provide a general tool for proteins, which are not subject to
assays of activity.

The fact that switching from the monoanionic to the
dianionic form of the phosphate group locally perturbs the
ordered structure of a rather rigid protein leads to two further
considerations. One could imagine a regulatory mechanism,
governed by pH variations near to neutrality within cellular
compartments, that would trigger catalysis by an enzyme or
binding to a protein. Further, protein-mediated transport
across membranes of different cellular compartments is
sensitive to the binding rates of the interacting partners. The
present results could then suggest an alternative model for
many loading and unloading events of shuttle and carrier
proteins. In the same way, the catalytic rate of specific
enzymes could be triggered by the pH value or its gradient
in the neighborhood of the mitochondrial membrane or
various endosomes. In conclusion, this hypothesis opens a
new perspective for evaluating phosphorylation events of
proteins in the cell.
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Table 2: Distances of Charged or Dipolar Groups to the Nearest
Oxygen Atom of the Phosphate Ester Group of pThr45

COO-
distance

(Å) N+
distance

(Å) dipole
distance

(Å)

Glu43 Oε1 5.3 Lys27 Nú 9.2 Gly44 CdO 4.4
Glu8 Oε1 9.7 Lys47 Nú 12.2 Thr45 N-H 5.4
Asp5 Oδ1 20.5 Lys36 Nú 25.9 Pro46 CdO 5.9
Glu35 Oε2 21.5
Glu17 Oε2 22.5
Asp33 Oδ2 23.6
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