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Abstract

A gas chromatographic–combustion isotope ratio mass spectrometric (GC–C-IRMS) method for the determination of
13 13[1- C]valine enrichments in protein hydrolysates is described. Using a quick derivatization method, d C values of the

N-methoxycarbonyl methyl ester of valine can be determined from baseline separated GC peaks. Evaluation studies with
respect to precision, accuracy, linearity, reduction capacity of the CuO combustion furnace and isotope dilution as a result of

13derivatization, showed that our GC–C-IRMS system allows robust measurement of enrichments of [1- C]valine in the range
0 to 1.5 MPE (S.D.60.01 MPE, n53). Therefore this method is suited to determine fractional synthetic rates (FSRs) of
proteins as low as one-tenth of the FSR of human albumin, in studies using a primed, continuous (6 h) infusion with

13[1- C]valine plasma enrichments of approximately 15 MPE and an hourly sampling schedule.  1998 Elsevier Science
B.V. All rights reserved.

1 3Keywords: d C values; Valine

1. Introduction other method determines the rate of incorporation of
13a labelled amino acid (usually [1- C]leucine) into a

For an estimation of the rate of protein synthesis specific protein with known amino acid sequence,
in vivo, on basis of infusions of stable isotope resulting in an estimation of the fractional synthetic
labelled amino acids, generally two different ap- rate (FSR) of this protein, e.g. [7–15]. In the latter
proaches are in use. One method calculates rates of case enrichment of the amino acid tracer used as
whole body protein synthesis by determining the precursor is usually determined in derivatized plasma
difference between the flux of an individual free samples with gas chromatography–mass spec-
amino acid and oxidation of this amino acid e.g. trometry (GC–MS). The incorporation of the pre-
[1–6]. This method requires assumptions with re- cursor into protein is obtained by measuring the
spect to the relation between tracer amino acid and enrichment of the labelled amino acid in hydrolysate
amino acid composition of body proteins and results of the isolated and purified protein. For proteins with
in different flux rates for different amino acids. The a slow production half-life generally low enrich-

ments are found (0.001–0.05 atom percentage ex-
cess) in the hydrolysate. This requires the use of
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coupling a gas chromatograph directly to the IRMS 2. Experimental
via an on-line combustion furnace it is possible to
measure low enrichments with a high precision using 2.1. Instrumentation
small sample size [16,17]. This allows the measure-
ment of FSR values of protein with a low production A schematic of the GC–C-IRMS system (VG
half-life (e.g. human albumin: FSR50.25%/h Optima Isochrom, Micromass, Manchester, UK)

13[18,19], using acceptable precursor enrichments at employed for the determination of d C values of
relatively low tracer costs. In this paper we have CO is shown in Fig. 1. Individual compounds were2

focused on the description and validation of a GC– separated chromatographically and by closing the
C-IRMS method for the determination of [1- heart split (HS) valve, only selected parts of the
13C]valine enrichments in human albumin hydro- effluent were introduced via a heated interface into
lysate. We discuss precision, accuracy, linearity, the combustion furnace. By opening the HS valve,
interferences of nitrogen oxides, the effect of isotope the other part of the chromatographic effluent was
dilution as a result of derivatization and a working diverted to the flame ionization detector (FID). From
method. the effluent stream of combustion gases H O was2

Many derivatization methods of amino acids have removed by a cryogenic trap. A portion of the
ˇbeen described for GC. We use the method of Husek remaining effluent stream (mainly He, CO and2

[20] because it is a quick derivatization method; it possibly N ) was introduced into the ion source2

results in a gas chromatogram in which valine is well through a capillary. Reference CO gas (of known2

separated from the other amino acids; and only three isotopic composition) was delivered from a reference
carbon atoms are added by derivatization by which gas injection system and was measured before and

13the dilution of the CO after combustion will be after the introduction of the combustion gases.2

minimal. We demonstrate that for human albumin
13low C-enrichments of valine can still be measured 2.2. Gas chromatography

after a brief primed, continuous infusion period,
within acceptable limits of expansion of the plasma The instrument was equipped with a HP 5890A
valine pool by the tracer. gas chromatograph (series II, Hewlett-Packard, Palo

Fig. 1. Schematic presentation of the GC–C-IRMS system.
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Alto, CA, USA). Samples were injected using a resulting (chromatographic) peak areas were inte-
heated split / splitless injector (T52908C). A CP-SIL- grated and background corrected. Using Craig cor-

1319CB, 25 m30.25 mm (I.D.), 0.20 mm (film thick- rections [21], C content was calculated and, using
13ness) column (Chrompack International, Middelburg, the standard convention, expressed as d C values

Netherlands) was used for analyses of valine in (‰) relative to Peedee Belemnite (PDB). The sam-
protein hydrolysate and standards with helium as a ple CO was measured against a laboratory CO2 2

carrier gas (100 kPa). Typically, 1 ml of sample was working standard calibrated against NBS 19 refer-
injected with a splitflow of 15 ml /min. The GC oven ence material.
was programmed to increase from 808C (1 min) to
1008C at a rate of 58C/min and to increase from 2.5. Chemicals
1008C to 2908C at a rate of 308C/min where its
temperature was kept constant for 5 min. The FID Methylchloroformate (MCF) was obtained from
was at a constant temperature of 3408C. For the Merck-Schuchhardt (Hohenbrunn, Germany),
combined analyses of valine and its dipeptide a CP pyridine and methanol from Merck (Darmstadt,
SIL-8CB/MS, 30 m30.25 mm (I.D.), 0.25 mm (film Germany) and chloroform from J.T. Baker (Deven-
thickness) column (Chrompack International) was ter, Holland). L-Valine was purchased from Fluka

13used. For these analyses the GC oven was pro- (Buchs, Switzerland) and L-[1- C]valine (98.9
grammed from 708C (1 min) to 3008C at a rate of APE) from Cambridge Isotope Laboratories (An-
258C/min. The column was kept at 3008C for 10 dover, USA).
min. Other conditions were similar.

The GC column was connected, via a splitter 2.6. Protein hydrolysate
union, to the combustion furnace via a heated
interface at 3508C. Plasma albumin samples were obtained from a

healthy volunteer, using a primed, continuous infu-
132.3. Combustion sion of [1- C]valine (98.9 APE); enrichment in

plasma at plateau approximately 12 APE. The infu-
The GC effluent entered the combustion furnace sion protocol, sampling procedure, isolation and

which consisted of a quartz tube (600 mm30.7 mm hydrolysis of the human albumin samples have been
I.D.36 mm O.D.) partly filled with copper granulate described elsewhere [22]. The dried samples of
oxidized to cupric oxide (CuO). At the end of the protein hydrolysate used in the present study, origi-
quartz tube over a length of 1 cm it was filled with nated from 400 mg protein isolated from 0.5 ml of
silver wool. The combustion oven was kept at 8508C. serum.
Water was removed from the combustion gases by
passing the gas stream through a cryogenic trap 2.7. Derivatization
which was kept at a temperature of 21008C.

Valine was converted to its N-methoxycarbonyl
2.4. Mass spectrometer methyl ester (Fig. 2) according to the procedure of

ˇHusek [20]. Dried protein hydrolysate and valine
CO entered the ion source of the mass spectrome- standards were dissolved in 100 ml of a mixture of2

ter through a capillary. Ions were generated by water–methanol–acetonitrile–pyridine (60:16:16:8,
electron impact ionization with an electron energy of v /v). A 5 ml volume of MCF was added and mixed
100 eV. The mass spectrometer was operated with an by briefly shaking the reaction vial. The resulting
accelerating voltage of 3.5 kV and a magnetic current derivatized compounds were extracted with 100 ml
of approximately 3.3 A. Ion currents were measured chloroform containing 1% MCF. The derivatization
continuously for m /z 44, 45 and 46 using a set of and extraction process can be performed within a
three Faraday cups. The (analogue) ion currents were minute per sample, allowing GC–C-IRMS process-
integrated and digitized at intervals of 100 ms. The ing on the same day.
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Fig. 2. Derivatization of valine (and its dipeptide) to the N-methoxy methyl ester.

The extent of dipeptide formation depended on the where the standard is referenced to the international
total amount of amino acids in the reaction mixture. PDB standard; its CO obtained from the carbonate2

In the preparation of valine standards the formation shell of a cretaceous mollusc, Belmnitella americana,
of Val–Val was enhanced by exceeding the limit of from the Pee Dee formation in South Carolina. The

13 13200 mg per 100 ml of reaction mixture. d C value can be transformed to C atom per-
centage (AP) with the formula

2.8. Standards 13AP 5 100 ? R[(d C /1000) 1 1] /1sample

13Standards were prepared by weighing an amount 1 R[(d C /1000 1 1] (2)sample13of L-[1- C]valine followed by addition of a weighed
13 12amount of L-valine to obtain the required enrichment. where R is the C/ C ratio of the international

The combined mixture was dissolved completely in PDB reference (R50.0112372)
(heated) water. Thereafter the mixture was dried, the Values are expressed as mean6standard deviation
resulting powder was stored at room temperature. (S.D.).
This procedure was repeated to obtain independently

13standards with different [1- C]valine enrichments in
the range between 0 and 2 mol percent excess 3. Results and discussion
(MPE). Small portions of these standard mixtures
were derivatized and stored in chloroform at 48C 3.1. Procedure
under which conditions the samples proved to be
stable. Standard solutions of approximately 10 nmol / Fig. 3 shows a representative GC–C-IRMS chro-
ml were used. matogram from a derivatized albumin hydrolysate

with the collector signal of m /z 44. After identifica-
2.9. Calculations and presentation of results tion of the peak corresponding to valine, valves were

programmed in such a way that only the GC effluent
13The d per mil value (d C ‰) is related to the with well separated valine entered the combustion

13 12C/ C ratio of the samples and reference by the furnace. Oven and helium flow restrictions were
formula adjusted to obtain a maximum yield of CO in the2

mass spectrometer. Before and after the ‘valine peak’13 13 12 13 12
d C 5 ( C/ Csample 2 C/ Cstandard) /sample pulses of CO reference gas were measured. The2

13 12( C/ Cstandard) 3 1000 (1) intensity of the signal resulting from the reference
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Fig. 3. Typical GC–C-IRMS chromatogram from a derivatized human albumin hydrolysate with the collector signal for m /z 44.

pulses was adjusted at similar ion beam intensities to cepted if the collector beam signal was within the
29 29the ion beam intensity of valine. The optimized range 2?10 to 7?10 A.

GC–C-IRMS chromatogram, depicted in Fig. 4
shows a well separated symmetrical valine peak. 3.3. Precision

The standard deviations, characteristic of the
133.2. Linearity distribution of d C values observed after n repeated

injections, of both standards and hydrolysates, are
In order to establish which range of valine con- summarized in Table 1 (hydrolysates correspond to

centrations were allowed for GC–C-IRMS analyses, samples taken during plateau enrichment in plasma
13we evaluated measured d C values as a function of at t51 h, t55.5 and t57.5 h). From these data it

13 12the collector signal of beam 1 for m /z 44 (see Fig. follows that the CO / CO ratio, or atom per-2 2
13 135). Two standards (d C5236.1‰ and d C51 centage (AP) of the N-methoxycarbonylmethyl ester

182.0‰) were injected repeatedly. By variation of can be determined with a coefficient of variation
the split ratio, the collector signal of beam 1 (m /z (C.V.),0.030%; as a result the mol percentage (MP)

29 29 1344) was varied between 0.5?10 and 10?10 A. of [1- C]valine can be determined with a C.V.,
13The light valine standard started to show stable d C 0.045%. This means that with respect to the within-

29 13values with a collector beam 1 signal .0.5?10 A day precision [1- C]valine enrichment can be de-
13(d C5236.160.1‰, n510). The heavy valine termined 60.003 MPE.

13standard showed constant d C values between 1.6? Single point measurements of both hydrolysates
29 29 1310 and 7.4?10 A (d C5182.060.2‰, n55). and standards, repeated on 3 different days, showed

13 13Therefore d C values of samples were only ac- that in the range of measured values of d C5
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13Fig. 4. Optimized GC–C-IRMS chromatogram of albumin hydrolysate for the determination of d C values of valine with signals for the
FID (panel A) and collector signals for m /z 44, m /z 45 and m /z 46 (panel B).

232‰ to 1147‰, AP of the N-methoxycar- measurements and the MPE values of valine calcu-
bonylmethyl ester can be determined with a C.V., lated from the weighed amounts of valine at natural

13 130.052%; as a result the MP of [1- C] valine can be abundance and [1- C]-enriched valine (98.9 APE).
determined with a C.V.,0.078%. This means that In Table 2 the mean results (6S.D.) of five series
with respect to the between-day precision of separate, single point, measurements are given,

13[1- C]valine enrichment can be determined 60.005 using calibration based upon L-valine of known
MPE. natural abundance. The weighing procedure accounts

for standards with a weighing error 60.005 MPE
and differences between calculated and measured

3.4. Accuracy values for independently prepared standards are close
to zero and within analytical error boundaries (95%

As a measure of the accuracy of the GC–C-IRMS confidence interval). Therefore, it seems probable
system we determined the difference between the that the observed differences originate mainly from
MPE value of valine obtained from the GC–C-IRMS limitations in the preparation of derivatized stan-
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dards. Even when the highest difference is used,
accuracy is at least 60.006 MPE.

3.5. Memory effect

For samples within the acceptable collector beam
1 signal range no memory effect was observed. If

13consecutive samples with different d C values
13

,150‰ were measured alternately the mean d C
13values did not deviate from mean d C values after

repeated measurement of the same sample.

3.6. Nitrogen oxide gases

Depending on combustion oven conditions, it was
noted that during the combustion process nitrogen
containing compounds, like valine, are converted to
CO , H O and/or nitrogen oxide gases (N O ) [23–2 2 x y

25]. H O is removed from the combustion gases by2

the water trap (21008C). However, nitrogen oxide
gases cannot be trapped separately and have to be
removed by reduction to N . Removal of N O is2 x y

necessary because N O produces ions at m /z 44 and2

m /z 45 which interfere with the measurement of the
13

12 13Fig. 5. d C values as a function of the collector signal for m /z 44 CO and CO ions. Since the instrument is not2 2of two valine standards (Panel A: 236.1‰; Panel B: 182.0‰).
equipped with an on-line reduction furnace it is
crucial that the conditions of the combustion furnace

Table 1 are optimized for both oxidation and reduction,13Precision of d C values (‰) at different levels of enrichment (n
because otherwise too much NO will be formed2repetitive injections)

13resulting in either too low d C values in case of13
d C6S.D. n Sample 13valine with natural nitrogen or too high d C values

15232.5760.03 2 Hydrolysate in case of N-labelled (tracer) valine. Thus, mea-
211.6460.14 3 Hydrolysate surements were optimized (for O -pressure, tempera-221.2860.14 4 Hydrolysate

ture, limits of sample size) to gain sufficient reducing234.3360.15 4 Standard
power of the combustion furnace, using traces of21.3060.22 4 Standard

23.3160.25 4 Standard elemental copper and silver wool at the end of the
1381.8660.33 4 Standard reactor. It was demonstrated that d C values for

147.5260.30 4 Standard CO of valine are free from N O interference under2 x y

optimized conditions (see Appendix A). These find-
ings are in agreement with other reports. Beylot et al.Table 2

Differences between calculated and measured enrichments of [24] stated that the GC–C-IRMS analyses of the
13[1-C ]valine standards (injections: n55) dimethylaminomethylene derivative of urea (contain-

aWeighted Measured Difference ing four nitrogen atoms per seven carbon atoms) can
MPE6S.D. MPE6S.D. (mean) be performed with a similar CuO combustion furnace

without interferences of nitrogen oxides. Merritt et0.515 0.507860.0034 0.0060
1.016 1.018460.0031 20.0028 al. [25] concluded also that a normal CuO combus-
1.586 1.591260.0035 20.0050 tion furnace (without silver wool) has reducing

15a Estimated error due to microbalance60.005 MPE. power: 2 nmol of derivatized ( N-labelled) alanine
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Table 3and glycine (N-acetyl, n-propyl) was found to
13 a15 d C values of the constituent C atoms in derivatized valineproduce enough N to obtain reliable d N values.2

13 13Method d C 6S.D. d C 6S.D.valine derivatization

(‰) (‰)
133.7. d C values of the constituent C atoms in

(i) 227.960.2 245.760.2
derivatized valine (ii) 228.061.3 245.360.6

a Determined by two methods (i) off-line preparation of valine (ii)13The mean d C value of the C atoms in un- amino acid vs. dipeptide. See Appendix B for full description of
derivatized valine can be calculated on basis of the procedures.
stoichiometric mass balance [26]:

13 13
d C 5 (5 /8 ? d C )measured valine 3.8. Standard curves for practical use

13
1 (3 /8 ? d C ) (3)derivatization

13For applications, i.e. when determination of C-
13 13 enrichment above baseline (e.g natural abundance) iswhere d C is the measured d C value of themeasured

1313 the point of interest, d C is not required.eight C atoms in derivatized valine, d C is the derivatizationvaline
13 Since the latter value is assumed to be a constantmean d C value of the five C atoms of underiva-

13 13 value (within a series of measurements) it cancels outtized valine and d C is the mean d Cderivatization

from equations for the measurement of differencesvalue of the three C atoms introduced by deri-
1313 [27]. For the same reason the d C value for valinevatization. The literature concerning d C values of

13at natural abundance (d C ) is not a require-derivatized and underivatized amino acids, suggests valine,b
13 ment.that d C values have to be regarded as aderivatization

13 In this case, a standard curve of calculated [1-d C value of a putative effective stable carbon
13 13 13isotope composition: in the d C value an C]valine enrichments (MPE) vs. measured d Cderivatization

assumed isotopic fractionation factor has been in- values can be used. A representative standard curve
corporated which is not related to the actual carbon is depicted in Fig. 6.
isotope composition of the reagent [26]. The con- Given the strong linear relationship between theo-
stancy of the derivatization fractionation however, retical and measured enrichments (for the example in

2allows that the original amino acid stable carbon Fig. 6: n56; r 50.999) we use as a working
isotope composition can be derived from the mea- method only four standards with known enrichments.

13 13sured d C values of the derivatized amino acid. From the measured d C values we calculate a mean
13 13Thus d C can be determined empirically. ‘effective’ d C . Based upon this value,derivatization derivatization

13This d C value can be determined in two ways: (i)
from the on-line GC–C-IRMS measurement of de-

13rivatized valine, if the d C value of underivatized
valine is known; and (ii) from GC–C-IRMS mea-
surements of derivatized valine, and its derivatized
dipeptide from the same valine source solving two
mass balance equations with two unknowns for

13 13
d C and d C (see Appendix B).valine derivatization

The results of these two approaches are summarized
in Table 3. Although the results of both empirical
methods show close agreement, precision is better
for method (i). If facilities for off line oxidation–
reduction are not available, method (ii) can be used 13Fig. 6. Representative standard curve of calculated [1- C]valine13

13to establish d C values of the constituting C atoms enrichments (MPE) vs. measured d C values of single point
2of derivatized valine. analyses (regression: y5114.07x236.12‰; r 50.999).
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13
d C values of samples are converted to atom Appendix A

13percentages and MPE values for [1- C]valine.

Reduction capacity of CuO combustion furnace
3.9. Application

The cupric oxide (CuO) furnace of our GC–C-
Based upon the reported precision and accuracy, IRMS system derives it reducing power from silver

we are confident that the measured enrichment wool at the end of the reactor and traces of elemental
13values for [1- C]valine can be determined within copper in the oven. In order to be sure that con-

60.01 MPE. This is generally regarded to be within ditions were optimal for accurate CO measure-2

limits of biological fluctuation. ments, we carried out the following experiments.
Therefore the method described is suited to de- Without precautions against formation of N O ,x y

termine FSR values of proteins which are 1 /10 of valine was oxidized in an off-line CuO combustion
the normal FSR of albumin in healthy human furnace under nonoptimized conditions (T59008C,
volunteers (0.25%/h, [18,19]) using an hourly sam- without silver wool, high O pressure). The combus-2

pling scheme for 6 h at precursor enrichment plateau tion gases were collected. A sample of these gases
of approximately 15 MPE. was measured by IRMS in the dual inlet mode under

conditions for a normal CO measurement. The same2

sample of these gases was reduced with silver wool
13(T54508C, 0.5 h) and thereafter its d C value was

4. Conclusion also measured with IRMS.
Repeated measurements showed a small but sig-

13 13We conclude that enrichment of [1- C]valine in nificant change from d C5228.2260.02‰ to
13albumin hydrolysate can be determined reliably by d C5227.9360.04‰ without and with silver

13determination of d C values of CO generated from wool respectively (P50.0004; n53). Since the ratio2

its N-methoxycarbonyl methyl ester using a GC–C- for m /z 45: m /z 44 for N 0 (0.0078) is smaller than2

ˇIRMS system. The Husek derivatization procedure is the m /z 45: m /z 44 ratio for CO (0.012), any2
13quick, allowing sample derivatization and processing presence of N O will decrease the d C value.2

with GC–C-IRMS on the same day. After optimi- Optimal removal of N O by reduction increases the2
13zation of conditions of the gas chromatography and d C value measured; scanning the mass range m /z

the CuO combustion furnace, we found that enrich- 25–m /z 35 showed also a decrease of the intensity of
13 1 1?ments in the range of 0 to 1.5 MPE of [1- C]valine m /z 30 (NO as fragment of N O ) after reduction;2

can be determined with an accuracy and precision the origin of the interference was confirmed by
15better than 0.01 MPE. For practical purposes, cali- repeating the experiment using N-valine, in which

13bration curves using four standards can be used case d C values are decreased after reduction
13 13without loss of robustness of the method. [d C5213.63 (before reduction); d C52

21.10‰ (after reduction)].
Hence, with precautions against formation of

N O , oven parameters were adjusted for on-linex y
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These results indicate, under these conditions, the equations with two unknowns, which can simply be
13 13oxidation–reduction capacity of the oven was not solved for d C and d C :valine derivatization

exceeded. 13
d C 5 13/5 ? d 2 8/5 ? d (4)valine 2 1

13
d C 5 16/3 ? d 2 13/3 ? d (5)derivatization 1 2

13Appendix B in which d and d stand for the measured d C1 2

value of the derivatized valine and its dimer respec-
tively. These equations can simply be generalized for13Experiments for the determination of d C other amino acids.

values of the constituent C atoms We performed experiments with four standard
13solutions with different [1- C]valine enrichments

Method (i) (range 0 to 1.6 MPE). Each sample contained both
derivatized valine and its dipeptide. From the four

The off-line oxidation (and reduction) of underiva- sets of d , d values we calculated from Eqs. (4) and1 2tized valine, followed by IRMS measurement in the 13 13(5): d C 5245.360.6‰. For d C13 derivatization valinedual inlet mode gives the value of d C . Thevaline we calculated values which corresponded with the
on-line GC–C-IRMS measurement of derivatized 13expected C-enrichments of the standards. Since the13valine gives the value of d C . From Eq. (1) 13measured [1- C]valine enrichment of these standards was13

13for the mass balance, the value for d C isderivatization known, the d C- value of unenriched valine (i.e.
derived. valine at natural abundance) could be calculated at

13From two repeated series of experiments with
d C 5228.061.3‰.13 valine

13valine at natural abundance we found d C 52valine It should be noted that the d C can13 derivatization27.960.2‰ and d C 5245.760.2‰.derivatization vary with different batches of derivatization chemi-
The same experiment was performed with tracee cals.13valine enriched with [1- C]valine. In this case, we

measured after off-line oxidation and reduction
13

d C 555.560.3‰, from the measured valuevaline References
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