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Abstract

The use of capillary zone electrophoresis as an efficient method for the identification of urinary imidodipeptides of
prolidase-deficient patients has already been reported. However, owing to the complexity of the components excreted, the
resolution of electrophoretic patterns obtained was poor. Here we examine the use of micellar electrokinetic chromatography
to enhance peak resolution in order to obtain better insight into the electropherograms of patients’ urine. The usefulness of
sodium dodecyl sulphate as surfactant is reported: refined electropherograms were achieved using 35 mM sodium borate, pH
8.3 containing 65 mM sodium dodecyl sulphate. Almost all peaks were baseline separated, collected and sequenced. This
allowed us to define the exact imidodipeptide composition of patients’ urine. The possibility of identifying and thus
quantifying each single peak means that comparison of urinary imidodipeptide excretion patterns from different patients can
be made and the hypothesis that peptide patterns can be correlated with differing clinical severity can be investigated.
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1. Introduction

Among various modes of high performance capil-
lary electrophoresis (HPCE), capillary zone electro-
phoresis (CZE) has become one of the best sepa-
ration techniques for analysis of charged compounds
because of its high resolving capacity [1-5]. Recent-
ly, CZE has also been successfully employed for
separating complex mixtures of components present
in biological samples such as urine or serum, and its
usefulness for diagnosis and studies of metabolic
disorders has been demonstrated [6~12]. Micellar
electrokinetic capillary chromatography (MEKC),
which is an adaptation of CZE, is even more
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promising as it can be used for selective separation
of both neutral and ionic compounds [13-18]. This
technique involves the addition of surfactants to the
operating buffer in an higher amount than the critical
micelle concentration. The solute is then partitioned
between the micelle and the surrounding aqueous
medium and separation is based on the differential
migration of the phases. Because the micelies pos-
sess ionic and hydrophobic sites of interaction
simultaneously, MEKC provides a sophisticated
means for achieving a very high selectivity of solutes
with closely related structures.

Previously, we developed a reliable and sensitive
CZE method for simultancous detection of im-
idodipeptides X—Pro and X-Hyp present in urine of
prolidase-deficient patients [19]. At that time we
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suggested the applicability of this technique as an
efficient and rapid aid for diagnostic screening of
prolidase deficiency (PD). However, owing to the
high number and complexity of components ex-
creted, the quality of electrophoretic patterns ob-
tained was poor. As a consequence the heteroge-
neous composition of urinary imidodipeptides post-
ulated for affected patients with differing clinical
levels of severity was evidenced, at least at a
qualitative level, only after whole urine samples
were submitted to sequence and mass spectrometric
analyses [19].

The aim of this investigation was to test the use of
MEKC to enhance peak resolution in order to obtain
a better understanding of the electrophoretic pattern,
and hence of the composition of total urinary com-
pounds excreted by each patient.

The results show that MEKC is a versatile means
of separation which can be successfully applied to
complex mixtures of solutes having almost the same
charge. Although the potential of other surfactants
has been explored, the utilization of aqueous sodium
dodecyl sulphate (SDS) as the micellar phase offers
the best separation efficiency.

2. Experimental

2.1. Reagents

Reagent-grade water obtained from a Milli-Q
purification system from Millipore (Bedford, MA,
USA) was used to prepare all solutions. All other
reagents were of analytical grade and were used
without further purification.

2.2, Origin of urine samples

Urine samples, collected over a 24-h period, were
obtained from healthy volunteers (controls aged
between 20 and 50 years) and from patients affected
by prolidase deficiency (two male siblings aged 14
and 18 years and three other unrelated individuals
aged 31, 40 and 55 years). All samples were
prepared as previously described [19].

2.3. Electrophoretic instrumentation and running
conditions

All analytical and micropreparative runs were
performed using the HP 3D CE system (Hewlett—
Packard, Waldbronn, Germany) with a built-in diode-
array detector. The instrument included an HP
CHEMSTATION for system control, data collection and
data analysis. Fused-silica capillaries of 75-102 cm
(68-95 cm effective length)X50-100 pm I.D. were
obtained from Polymicro Technologies (Phoenix,
AZ, USA). A capillary coated on its internal surface
with a covalently-bonded hydrophilic linear polymer
[20] was obtained from Bio-Rad (Richmond, CA,
USA) and was used without further modifications.
Capillary dimensions were 28 cm effective lengthX
25 wm LD. Stock solutions of 50 mM sodium
phosphate at pH 2.5 and 3.85, 20 mM sodium
formate, pH 4.45 and 35 mM sodium borate, pH 8.3
were used for the CZE runs. Tween 20 (10, 20 and
50 mM) or SDS (65 mM) were added to the buffers
used for MEKC. Separations were carried out at 20
kV and samples were injected hydrodynamically with
the inlet as the anode and outlet as the cathode.
Analytes were monitored at 200 nm.

To ensure run-to-run reproducibility of separa-
tions, the capillary column was purged with fresh
buffer for 3 min before each injection. Fractions
were fully automatically collected by applying a
pressure of 0.005 MPa to the capillary for a few
seconds. For collection, the outlet vial was ex-
changed to an HP microvial (Hewlett—Packard)
containing 10 wpl of 2% trifluoroacetic acid.

2.4. Identification of imidodipeptides

Imidodipeptides excreted in urine were identified
by sequence analysis of the collected peaks. Se-
quence was performed on the HP G 1005 A protein
sequencing system (Hewlett—Packard, Palo Alto,
CA, USA) using the routine 3.0 chemistry according
to the manufacturer’s protocol.

3. Results and discussion

When aliquots of urine from prolidase-deficient
patients were analyzed by CZE, separation profiles
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as shown in Fig. 1 (panels B—F) were observed. As imidodipeptides X~Pro and/or X-Hyp [19]. The

documented in a previous paper each electropherog- electropherograms reported in Fig. 1 performed
ram consists of a peak corresponding to endogenous using 50 mM sodium phosphate pH 2.5 as run
creatinine plus several additional peaks indicated as buffer, although heavily overlapping, were the best
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Fig. 1. Capillary zone electrophoresis of urine samples from a healthy volunteer (24 year old male, panel A) and five PD patients: G.D. (31
year old male, panel B); C.F. (18 year old male, panel C); C.M. (14 year old male, panel D); C.Ma. (55 year old male, panel E) and B.C.
(40 year old female, panel F). Peak 1 of each panel: endogenous creatinine. Peaks with retention times between 9 and 20 min are the
imidodipeptides X—Pro and X~Hyp identified as previously reported [19]. Experimental conditions: fused-silica capillary 70 cm effective
lengthX50 wm 1.D., run buffer: 50 mM sodium phosphate, pH 2.5; applied voltage: 20 kV; detection: UV absorbance at 200 nm. Positive to
negative polarity.
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Fig. 2. Capillary zone electrophoresis of urine sample from patient G.D. Panels A and B: fused-silica capillaries 50 cm effective lengthX75
um LD. and 95 cmX 100 wm LD. respectively. Run buffer used was 50 mM sodium phosphate, pH 2.5; applied voltage: 20 kV; detection:
UV absorbance at 200 nm. Panels C—F: coated capillary 28 cm effective lengthX25 um LD. Run buffer: 50 mM sodium phosphate, pH 2.5
(panel C), 50 mM sodium phosphate, pH 3.85 (panel D), 20 mM sodium formate, pH 4.45 (panel E) and 35 mM sodium borate, pH 8.3
(panel F). All other experimental conditions are the same as those described in the legend to Fig. 1. Peak 1 of each panel: endogenous
creatinine. All X-Pro and X—Hyp imidodipeptides excreted by patients are contained in a cluster of peaks heavily overlapping with

Absorbance at 200 nm
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retention times variable depending on experimental conditions.
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obtained with a 70 cm effective lengthX50 pm LD.
fused-silica capillary. Attempts to improve resolution
using working buffers of increasing pH failed be-
cause, as also suggested by other authors {[20],
differences in net charge of imidodipeptides dimin-
ished (data not shown). Thus, in order to improve
resolution of the components, we investigated use of
different capillaries on a urine sample from patient
G.D. (panel B of Fig. 1). The electropherograms
obtained when two fused-silica capillaries of differ-
ent size and length were used (50 cm effective
lengthX75 pm L.D. and 95 cm effective léngthX 100
pm LD, respectively), are shown in panels A and B
in Fig. 2. The overall pattern of peaks was very
similar to that already reported in Fig. 1 and in terms
of resolution it appeared there was no improvement.
On the other hand, a sensitive increase of the
separation factor was not achieved either when we
used, at different pH values (2.5, 3.85, 4.5 and 8.3
respectively), a capillary (28 cm effective lengthX25
pm LD.) coated on its internal surface with a
hydrophilic linear polymer. As shown on panels
C—F of Fig. 2 this capillary appears to offer little
advantage, apart from a better resolution (at least at
acidic pH) of the central portion of the electro-
phoretic pattern which contains as many as ten
peaks. All attempts led to incomplete separation.
Similar results were obtained using urine from the
other patients considered (data not shown). The lack
of baseline resolution for the urinary dipeptides
contained in this complex mixture is certainly depen-
dent on their similar electrophoretic mobilities ()
due to minute differences in charge and molecular
mass. The data reported in Table 1 which refer to
imidodipeptides X—Pro excreted in urine from PD
patients, as deduced from the sequence performed
directly on whole urine samples [19], confirm the
assessed similarity. In fact, the w values (calculated
according to the model for theoretical prediction of
peptide mobility in CZE proposed by Rickard et al.
[21] and reviewed by Castagnola et al. [22]), ranged
between 1.93 and 3.47-10™° m*V™'s™' but the
majority showed an average value of 2.2244x107°
m* Vsl

Thus, these peptides which contain Pro or Hyp as
the C-terminal and have subtle variations in their
charge-to-mass ratio, could be used as test sub-

stances to verify the well known ability of surfac-
tants to separate closely related species.

The use of micellar buffer modifiers to supplement
the differences in electrophoretic mobilities of pep-
tides has been described by several authors [20,23—
30]: different ionic and non-ionic surfactants have
been shown to provide additional separation mecha-
nisms to conventional CZE. In fact, owing to pos-
sible interactions between the hydrophobic moiety of
the peptides and the inner core of the micelles, the
separation factor increases and selectivity improves
appreciably. This is especially true with short-chain
peptides which moderately interact with the micelle
[29].

Attempts to perform MEKC on the mixture of the
components excreted from PD patients were initially
made employing Tween 20 as neutral surfactant. The
results obtained when urine samples from patients
B.C. and G.D. were run using 50 mM sodium
phosphate (pH 2.5) containing 10 mM Tween 20 as
working buffer are shown in Fig. 3 (panels A and B
respectively). The use of this surfactant did not
improve the separation sufficiently in relation to
expectations; in fact the overall pattern of peaks in
Fig. 3 is similar to the corresponding electropherog-
rams in Fig. 1. The addition of Tween 20 to the run
buffer and its interaction with imidodipeptides did

Table 1
Molecular masses and electrophoretic mobilities of imidodipep-
tides X~Pro identified in urine of prolidase-deficient patients

Imidodipeptides Molecular Electrophoretic mobility®
X-Pro mass X107 m*v7's™")
Trp-Pro 301 1.93

Tyr—Pro 278 2.01

Phe—-Pro 262 2.07

Glu-Pro 244 2.15

Asn-Pro 229 2.19

Ile-Pro 228 2.20

Leu-Pro 228 2.20

Thr-Pro 216 2.26

Val-Pro 214 2.27

Pro-Pro 212 2.28

Asp-Pro 230 2.32

Ser-Pro 202 2.33

Ala-Pro 186 243

Gly-Pro 172 2.52

His—Pro 252 347

* Calculated according to the model proposed by Rickard et al.
[21] and reviewed by Castagnola et al. [22].
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Fig. 3. Micellar electrokinetic chromatography of urine samples from patients B.C. and G.D. in 50 mM sodium phosphate pH 2.5 containing
Tween 20 at a concentration of 10 mM (panels A and B respectively), 50 mM (panels C and D) and 100 m# (panels E and F). In panels
A—D peak | is endogenous creatinine. All imidodipeptides are represented by the cluster of peaks with retention time ranging between 14
and 30 min. In panels E and F peak 2 contains both creatinine and all unresolved imidodipeptides. All experimental conditions are the same

as those described in the legend to Fig. 1. The inset of panel A shows the electropherogram of urine sample from a control run using the
same experimental conditions.
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not result in a better separation of the compounds of
the complex mixture examined: it appeared that
small differences in hydrophobicity of the different
imidodipeptide side-chains do not contribute towards
enhancing resolution of peaks present in the central
portion of the electropherograms. The effect of
increasing the concentration of Tween 20 was also
investigated. Unfortunately, the separation factor did
not increase, as suggested by other authors [29]
when the concentration of Tween 20 was raised to 50
mM (panels C and D). A further increase to 100 mM
resulted in an even worse separation of the mixtures’
components (panels E and F). We decided to use

SDS in an attempt to investigate whether a different
surfactant could improve resolution. Experiments
using 35 mM sodium borate, pH 8.3 containing 65
mM SDS as running buffer resulted in good sepa-
ration and peak shape of the components present in
urine from PD patients: as shown in Fig. 4 (panels
B-F), apart from a cluster of peaks (with retention
times between 5.5 and 6.5 min) which still partially
overlapped, at least ten other components appeared
as peaks that were completely baseline separated.
With respect to CZE the MEKC separation mode
showed up a larger number of peaks in each elec-
tropherogram. These findings could be promising of
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Fig. 4. Micellar electrokinetic chromatography in the presence of SDS of urine samples from a healthy volunteer (panel A) and the five PD
patients already indicated in the legend to Fig. 1 (panels B—F). Peak 1 of each panel: endogenous creatinine. For identification of all other
peaks see the text. Experimental conditions: fused-silica capillary 70 cm effective length X50 pm 1.D. Run buffer: 35 mM sodium borate, pH
8.3 containing 65 mM SDS. All other conditions are the same as those described in the legend to Fig. 1.
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a better insight into the electropherograms of the
patients tested.

After performing several consecutive runs to
verify the reproducibility of elution times for each
peak, a systematic investigation was performed using
G.D.’s urine sample. We carried out a microprepara-
tive run (Fig. 5) on a 68 cm effective length X100
pm LD. fused-silica capillary and all the separated
fractions were automatically collected. In addition,
the peaks of the cluster, indicated by arrows in Fig. 5
were completely resolved by applying this material
to a fused-silica capillary of the same effective
length as that used in the first run but with 50 wm
I.D. and using the same experimental conditions. As
shown in the inset of Fig. 5 the final separation
achieved was excellent.

Each fraction of Fig. 5 was submitted to NH,-
terminal sequence analysis; the results obtained
allowed us to identify the C-terminal proly! and
hydroxyprolyl imidodipeptides reported in Table 2.

The extent of interaction between imidodipeptides
and SDS-micelles could be presumed from the
migration order of peptides. Ser—Pro and Asp-Pro
(peaks 2 and 3 respectively) eluted faster because of
their weak interaction with the micelles while Trp—
Pro and His—Pro (peaks 8 and 9 respectively) are the
peptides which have stronger interaction. It should
be noted that, despite the very high resolving power
of MEKC, most of these peaks still appeared to be
partially overlapping, complete resolution only being
possible with a second CE run. This was not
surprising since, to some extent, it was a confirma-
tion of the electrophoretic behaviour already shown
by this mixture in the presence of Tween 20. Indeed
the peculiar structural features of these peptides
means that their full resolution is problematic. How-
ever the addition of SDS to the background elec-
trolyte improves their separation from a series of
other peaks (numbered 10 to 13) which completely
overlapped with imidodipeptides in the CZE sepa-
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Fig. 5. Micropreparative micellar electrokinetic chromatography of urine sample from patient G.D. Experimental conditions: fused-silica
capillary 68 cm effective lengthX 100 wm 1.D., run buffer: 35 mM sodium borate, pH 8.3 containing 65 mM SDS. Other conditions are the
same as those described in the legend to Fig. 1. Peak 1: endogenous creatinine, peaks 2 to 9: X—Pro and X-Hyp imidodipeptides. For their

identification see Table 2. (

) Absorbance at 200 nm. (- - -) Absorbance at 280 nm. The peaks numbered 2-13 were submitted to

NH,-sequence analysis. Inset shows the separation obtained when the cluster of peaks indicated by arrows was re-injected in the CE system.

Experimental conditions are described in the text.
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Table 2
Qualitative and quantitative analysis of imidodipeptides found in
G.D.’s urine

Peak Imidodipeptides Amount®
no. found (pmol)
2 Ser—Pro 3.51
3 Asp-Pro 3.98
4 Gly-Pro 8.52
Phe-Hyp 3.80
5 Phe-Pro 19.85
Ala—Pro 2.49
Leu-Hyp 6.52
6 Pro-Pro 4,98
7 Leu-Pro 10.05
8 Trp-Pro 1.95
9 His-Pro 1.44

* The values reported refer to a 2-ml urine sample treated with
Norite A for 5 min, filtered on a 0.20 wm nitrocellulose filter and
lyophilized. The residue was then taken up in 100 ul of run
buffer. The sequenced fractions were collected from two consecu-
tive runs; a 42-nl aliquot was injected each run.

ration mode and even in the MEKC mode with
Tween 20. Investigations are still in progress to
identify these peaks, since although no sequence was
obtained when submitted to NH,-terminal analysis,
their identification could be very important to extend
our knowledge of the material excreted into urine by
PD patients. It should be pointed out that, as these
peaks are not present in urine from healthy in-
dividuals, they appear to be strictly related to this
disorder.

The collection and identification of fractions from
urine samples from other PD patients will enable us
to compare excreted material and will allow us to
obtain not only a reliable quantitative composition of
imidodipeptides but also to definitively demonstrate
that heterogeneity of urinary excretion between
different patients, already postulated on the basis of a
qualitative analysis [19] but still not well understood,
does exist.

4. Conclusions

The CZE method we developed previously [19]
was shown to be a simple and fast tool for diagnostic
screening of prolidase deficiency. However, owing to
the poor quality of electropherograms obtained, we
were unable to achieve quantitative analysis of

components excreted into urine. Here we extend our
prior investigation by examining the potential of
MEKC for separation of single X—Pro and X-Hyp
peptides.

Although the presence of non-ionic  surfactant
Tween 20 in micelles did not provide further sepa-
ration selectivity in addition to electrophoretic
mobility, the use of SDS as surfactant improved the
resolution and allowed us to exactly define the
imidodipeptide composition of PD patient’s urine.
The possibility of identifying and quantifying other
excreted components will help us to understand the
pattern of material excreted by different patients and
perhaps the pathogenic mechanisms leading to clini-
cal changes in PD.
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