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ABSTRACT 

Acetylated amino acids (NAc-AA) are separated as anions on a reversed stationary phase from a mobile phase containing a 
quatemary ammonium (R,N+) salt as a mobile phase additive. If the counteranion accompanying the R,N+ or ionic strength salt is 
detector active than the separated NAc-AA derivatives can be detected by an indirect detection strategy. Variables inIIuencing the 
separation are NAc-AA side chain structure and the mobile phase parameters such as hydrophobicity of the alkyl groups in the R,N+ 
salt, R,N+ salt concentration, counteranion eluent strength, counteranion concentration, solvent composition, and PH. Indirect 
detection is influenced by these same mobile phase parameters as well as the properties of the detector active counteranion. The 
detection limit for indirect photometric detection at 287 nm using a tetrapentylammonium salt with a disodium 1,5-naphthalenedisulfo- 
nate-sodium benzoate counteranion mixture was about 70 pmol of NAc-AA depending on the amino acid injected as a lo-p1 sample. 

INTRODUCTION 

The separation and determination of N-acyl ami- 
no acid (N-acyl-AA) derivatives in biological sys- 
tems is of growing interest. Many of these deriv- 
atives, which have been identified as metabolites in 
urine, blood plasma, and other biological fluids and 
materials as well as in plant matter, have been cor- 
related to exposure, dietary, and health disorders. 
For example, excretion of aromatic carboxylic acids 
that are produced endogenously or derived from ex- 
ogenous sources such as drugs in normal human 
metabolism undergo reaction with glycine to yield 
an N-acyl glycine derivative, exposure to toluene 
leads to formation of N-p- and m-benzoylglycine 
[1,2], and the presence of aliphatic and aromatic N- 
acyl-AA have been correlated to organic acidurias 
and other disorders [3-61. Other studies suggest N- 
acetylation is a pathway in the metabolism of ami- 
no acids and accounts for the presence of several 
different aliphatic N-acyl-AA in normal urine [7]. 

Typical N-acyl-AA that have been detected in phys- 
iological and plant samples, which is reviewed else- 
where [7,8], include N-benzoyl-, substituted N-ben- 
zoyl-, N-hydroxybenzoyl-, N-vanilloyl-, N-phenyl-, 
aliphatic-N-acyl, and N-acetyl-AA derivatives. 

The N-acyl-AA derivatives have been separated 
by thin-layer chromatography [8-l 11, gas-liquid 
chromatography [3,4,6-8,10,12,13], and by high- 
performance liquid chromatography (HPLC) 
[1,2,5,8,14-191. In general, HPLC separations have 
been carried out on either reversed stationary phas- 
es [1,2,5,8,14,16-191 or ion exchangers [15]. UV de- 
tection of N-acyl-AA derivatives is possible for de- 
rivatives that contain an aromatic ring attached to 
the acyl group. Aliphatic-N-acyl- and N-acetyl- 
amino acid (NAGAA) derivatives, however, are not 
readily detected except at a very low wavelength 
where the acyl group absorbs. At this wavelength 
absorption interferences due to solvent, mobile 
phase components, and sample matrix can be sig- 
nificant. 
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It was recently demonstrated that NAc-AA mix- 
tures are resolved on a reversed stationary phase 
using an iron( 1, lo-phenanthroline, Fe(phen)$ +, 
salt as a mobile phase ion interaction reagent [19]. 
The additive enhances retention of the NAc-AA de- 
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rivatives and allows an indirect detection of the de- 
rivatives with a detection limit of about 0.5 nmol in 
a lo-p1 injection. It was also shown that free amino 
acids could be separated and detected at 0.5 nmol 
by first derivatizing the amino acids through an ace- 
tylation reaction. 

This paper describes a procedure for the separa- 
tion of NAc-AA derivatives on a reversed station- 
ary phase by using a tetrapentylammonium 
(TPeA+) salt and a detector active counteranion as 
mobile phase additives. The TPeA+ salt is an ion 
interaction reagent that enhances retention of the 
anionic form of the NAc-AA derivatives while the 
counteranion provides eluting power and a means 
for indirect detection. Since the indirect detection is 
based on an anion-exchange equilibrium between 
the detector active counteranion and the NAc-AA 
anion, the mobile phase parameters influencing re- 
tention, elution, and indirect detection are fewer 
and more easily controlled than when using a Fe 
(phen)$+ salt as the additive where the indirect de- 
tection is due to the shift of the equilibrium involv- 
ing interactions between the Fe(phen)$+ salt, coun- 
teranion, and stationary phase surface [19]. 

EXPERIMENTAL 

Materials 
Tetraalkylammonium chloride or bromide salts 

were obtained from Eastman Kodak while the sodi- 
um sulfonates and carboxylates or free acids were 
obtained from Eastman Kodak, Fisher Scientific, 
and Sigma. NAc-AA derivatives of L-AA were pur- 
chased from Sigma. Ionic strength salts were ana- 
lytical reagent grade, organic solvents were LC 
quality, and LC water was obtained by passing in- 
house distilled water through a Millipore Milli-Q 
Water System. PRP- 1 (Hamilton) polystyrenedivi- 
nylbenzene (10 q, 150 mm x 4.1 mm I.D.), Zor- 
bax-ODS (Mac Mod Anal.) (5 pm, 150 mm x 4.6 
mm I.D.), and Supelco ODS (Supelco Sep. Tech.) 
(250 mm x 4.6 mm I.D.) columns were used. LC 
instrumentation consisted of a Spectra Physics 8800 
gradient pump, a Waters U6K or Rheodyne 7125 
fixed loop injector, and a Spectra-Physics 770 vari- 
able-wavelength, Kratos 900 fluorescence, or a EG 
and G Princeton Applied Research 400 electro- 
chemical detector. Column temperature was con- 
trolled with a Bioanalytical LC-22A controller and 

data analysis was done on a Spectra-Physics 4270 
recording integrator and manipulated with an Ep- 
son Equity I+ computer equipped with Spectra- 
Physics WINner software. 

Procedures 
R4N+ salts were converted into a specific coun- 

teranion form by anion exchange (Amberlite 
IRA-400). Mobile phases were prepared by com- 
bining aliquots of standard solutions of RdN+, ion- 
ic strength, and buffer salts that provided the de- 
sired counteranion, solvent, and pH. The pH was 
adjusted with dilute NaOH prior to dilution to vol- 
ume when necessary. Solvent mixtures were percent 
by volume and basic mobile phases were protected 
from atmospheric COz. Column peformance was 
monitored during the study and compared to man- 
ufacture certification using a phenol, benzene, tolu- 
ene mixture and an acetonitrile-water (85:15) mo- 
bile phase. 

Columns were conditioned by passing the R4N+ 
salt mobile phase through the column beyond the 
column breakthrough until the detector back- 
ground signal remained constant. Column break- 
through volume was determined by monitoring col- 
umn effluent at a detector setting that responds to 
the appearance of the counteranion. The equilib- 
rium amount of R4N+ salt maintained on the col- 
umn for a given mobile phase condition was calcu- 
lated from the breakthrough volume and the &N+ 
mobile phase concentration. The R4N+ salt was re- 
moved from the column by elution with acetoni- 
t&-water (4:l). Aqueous solutions of NAc-AA 
(0.1 to 1 .O mg/ml) derivatives were prepared and 
injected by syringe in l-10 ~1 aliquots. NAc-AA de- 
rivatives were detected by indirect detection at de- 
tector settings where the counteranion benzoate 
(228 nm), 1,5-naphthalenedisulfonate (NDS) (287 
nm), naphthalenesulfonate (NS) (287 nm), and sal- 
icylate (298 nm) absorb, where salicylate (A,, 300 
nm, il,, 410 nm) and NDS (a,, 320 nm, A,,,, 450 nm) 
fluoresces, or where I- (500-800 mV versus SCE) 
and salicylate (85CrlO50 mV verSu.s SCE) are ox- 
idized. The background absorbance, fluorescence, 
or electrochemical signal due to the counteranion 
was compensated for by the detector offset capa- 
bility. For indirect photometric detection the back- 
ground absorbance should not exceed about 0.7 
AU. Mobile phase flow was usually 1 .O ml/min, in- 
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let pressure was under 6.9 . lo6 Pa, column temper- 
ature was 25°C and column void volume was l.l- 
1.3 ml, Usually, three or more measurements were 
made to establish the effects of mobile phase and 
indirect detection parameters, while for the determi- 
nation of the calibration curve, data points were 
established with five or more measurements. 

RESULTS AND DISCUSSION 

Retention and detection of NAc-AA derivatives 
Acetylation of the amino group in an amino acid 

reduces its basic property and dissociation occurs 
only at the carboxyl group according to eqn. 1. 

CH3C(0)NHCHRC02H + Hz0 F? 
CH,C(O)NHCHRCO; + H30+ (1) 

Thus, NAc-AA derivatives are anions at an inter- 
mediate pH and should be retained on a reversed 
stationary phase, S, when the mobile phase contains 

‘a quaternary ammonium (R,N+) salt additive. This 
occurs because an equilibrium amount of the R4N+ 
salt, assuming the R groups are hydrophobic and 
micelle formation is absent, is maintained on the 
stationary phase’s surface for a given mobile phase 
condition as shown in eqn. 2. 

S + R4N+ + C- F? Se.. R4N+C- (2) 

The formation of the double layer on the surface 
provides the sites for interaction with the NAc-AA 
anions as shown in eqn. 3. 

s . . . R4N+C- + NAc-AA- F? 
S . . . R,N+NAc-AA- + C- (3) 

The number of sites is determined by the R4N+, its 
concentration, solvent composition, the counter- 
anion C-, and the reversed stationary phase [20- 
22]. For a given R4N+ salt and concentration ma- 
nipulation of the other variables, for example C- 
concentration, allows the elution of the NAc-AA as 
shown in the reverse of eqn. 3. If C- is also detector 
active then indirect detection is possible when the 
detector is adjusted to respond to C-. If C- ab- 
sorbs, fluoresces, or is electrochemically active in- 
direct photometric (IPD), indirect fluorescence 
(IFD), and indirect electrochemical (IED) detection 
is possible. Because of the equilibrium in eqn. 3 and 
the detector’s response to the detector active coun- 
teranion, the chromatographic peak for the eluted 
NAc-AA derivatives will be negative. 

Column optimization 
Two reversed stationary phases, PRP-1, which is 

more stable in a basic mobile phase, and Zorbax 
ODS, were compared. The amount of RbN+ salt 
maintained on the PRP-1 was found to be higher 
than on the Zorbax column of the same dimensions. 
For example, breakthrough measurements indicat- 
ed 210 pequiv. of TPeA salicylate is maintained on 
the PRP-1 for an aqueous 0.25 mM tetrapentylam- 
monium (TPeA+) salicylate, pH 7.5 mobile phase 
while for the Zorbax column the equilibrium 
amount is 150 pequiv./column. If the R chain 
length or the R4N+ salt concentration is increased 
the equilibrium amount on the stationary phase is 
increased. Adding organic modifier or switching to 
a counteranion that is weaker in eluent power (see 
eqn. 3) decreases the equilibrium amount of R4Nf 
salt on the stationary phase surface. 

Table I compares the retention of several NAc- 
AA derivatives on the PRP-1 and Zorbax columns 
for a given TPeA salicylate mobile phase. Even 
though retention is higher on the PRP-1 the Zorbax 
column was used in additional studies because reso- 
lution on the latter column is greater due to a higher 
column efficiency (by a factor of 1.5-2 depending 
on the NAc-AA) and a modest enhancement in se- 

TABLE I 

RETENTION OF NAc-AA DERIVATIVES ON TWO RE- 
VERSED STATIONARY PHASES 

Amino acid 
derivative 

Capacity factor,,k@ 

PRP-1 // Zorbax ODS 

NAc-t-Asn 6.91 4.39 

NAc-L-Ser 7.04 4.55 

NAc-Gly 7.65 4.75 
NAc-L-Glu 7.72 4.70 
NAc-t-His 8.39 
NAc-L-Ala 8.43 5.34 

NAc-L-Prob 10.6/12.7 6.5517.67 
NAc-L-Val 16.4 14.1 
NAc-L-Met 15.2 
NAc-L-Ile 34 34 
NAc-L-Leu 39 41 

D Mobile phase, aqueous 0.25 mM TPeA salicylate, pH 7.5; col- 
umn Zorbax ODS, detection, IPD at 298 nm. 

b Dou b le peak is probably due to acetylation at both N in pro- 
line. 
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lectivity. Table I also demonstrates that retention, 
which is significant, correlates to the structural 
properties of the AA side chain group; the more 
hydrophobic or acidic the side chain is, the higher 
the retention becomes. Furthermore, indirect detec- 
tion is sensitive since each NAc-AA derivative was 
readily located by monitoring column effluent at a 
wavelength where the salicylate counteranion ab- 
sorbs. 

Mobile phase and indirect detection optimization 
Several mobile phase parameters influence reten- 

tion of the NAc-AA derivatives and their optimiza- 
tion requires a compromise. As the R4N+ salt con- 
centration increases the equilibrium amount of 
R4N+ salt on the stationary phase surface increases 
(see eqn. 2) which increases the number of ion inter- 
action sites. However, NAc-AA retention does not 
continue to increase but eventually decreases [21,22] 
because of the increase in the counteranion concen- 
tration that accompanies the R4N+ salt, thus, re- 
ducing retention according to eqn. 3. Elution of 
NAc-AA derivatives requires a strong eluent coun- 
teranion or one that has a large anion-exchange se- 
lectivity to elute the NAc-AA derivatives in a rea- 
sonable time. This type of counteranion also pro- 
duces a system peak that does not interfere with the 
analyte peaks [19,23]. In addition, the counteranion 
should be detector active. Several counteranions, 
which have favorable molar absorptivities, were 
evaluated and their effect on IPD and NAc-AA re- 
tention is shown in Table II. Increasing counter- 
anion concentration decreases NAc-AA retention. 
The eluent strength for several counteranions on 
Zorbax ODS follows the order: I- < benzoate < 
salicylate < naphthalenesulfonate (NS) < naph- 
thalene disulfonate (NDS), which is consistent with 
their anion-exchange selectivities towards strong 
base quaternary ammonium type anion exchangers. 
In each case IPD was used at a wavelength where 
the counteranion absorbs. IFD is an option since 
salicylate fluoresces while IED is possible by using 
I- as the counteranion. However, I- is not a strong 
enough eluent counteranion to resolve NAc-AA de- 
rivatives particularly those with very non-polar or 
acidic amino acid side chains. Thus, if I- is used, 
eluent power must be increased through an addi- 
tional factor. Decreasing counteranion concentra- 
tion, for example NDS, sharply decreases NAc-AA 

TABLE II 

EFFECT OF COUNTERANION ON RETENTION 

Amino acid Capacity factor, k 

Counteranion” 

Benzoate NMS NDS 

NAc-L-Ser 8.23 3.68 1.69 
NAc-L-Ala 11.5 5.05 2.25 
NAc-L-Pro 16.6 8.90 3.60 
NAc-L-Val 23 13.4 6.86 
NAc-L-Met 29 16.2 7.91 
NAc-L-Ile 81 45 18.5 
NAc-L&U 95 52 21 
NAc-L-Phe 47 

LI Mobile phase, aqueous 0.10 mM TPeA benzoate-O.10 mM Na 
salt of benzoate (NMS) or NDS, pH 7.5; column, Zorbax 
ODS; detection, IPD at 287 nm. 

retention as shown in Fig. 1. In the absence df NDS 
in Fig. 1 eluent strength is due solely to benzoate. 

For a given counteranion NAc-AA retention de- 
creases as organic modifier is increased with aceto- 

45 r n L-Loo 

15 

0 

L-Pro 
1 

L-Set 
l 
l 

0.00 0.05 0.10 0.15 0.20 

NDS Concentration (mM) 

Fig. 1. Effect of NDS mobile phase concentration on the reten- 
tion of NAc-AA derivatives. Conditions are the same as in Table 
II with varying NDS concentration. 
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nitrile being more effective than ethanol at compa- 
rable percent water-solvent mixtures. Retention of 
the more polar NAc-AA is already low for ben- 
zoate, NS, or NDS counteranion and adding organ- 
ic modifier is required only when separating the 
more highly retained non-polar and acidic side 
chain NAc-AA. Mobile phase pH influences reten- 
tion as shown in Fig. 2. Over the pH range studied 
the non-polar side chain NAc-AA are dissociated 
(see eqn. 1) and retention gradually increases as pH 
increases. For derivatives with acidic side chains re- 
tention increases significantly as pH increases be- 
cause of additional dissociation at the acidic side 
chain. Thus, the elution order of L-Glu and t-Asp 
derivatives is more dependent on pH relative to the 
other NAc-AA. For low pH dissociation is sup- 
pressed and retention is sharply reduced. A mobile 
phase pH > 8.0 is not recommended because this 
contributes to the formation of OH- and HCO;/ 
CO<- system peaks [19,23] both of which will in- 
terfere with several of of the NAc-AA chromato- 
graphic peaks. As hydroxide concentration increas- 

45 

L-WI 

L-Pro 

L-Ah 

OL 1 

4 5 6 I 8 

Mobile Phars pH 
Fig. 2. Effect of mobile phase pH on the retention of NAc-AA 
derivatives. Mobile phase: 0.10 mM TPeA salicylatd. 10 mkf 
Na salicylate, pH 4.5-7.5; column, Zorbax ODS; detection, IPD 
at 298 nm. 

es the OH- system peak area increases and shifts to 
a lower retention time while at the same time pre- 
venting COZ absorption in the mobile phase be- 
comes more difficult. Also, the higher mobile phase 
pH limits the use of the silica based ODS column. 

Separations 

Fig. 3 illustrates a typical separation of several 
NAc-AA derivatives using IPD where salicylate ab- 
sorbs. Chromatographic peaks, which are negative 
and inverted in Fig. 3 for convenience, are well de- 
fined, free of tailing, and yield a favorable detection 
limit. A double peak was observed for the NAc-L- 
Pro standard and is probably due to derivatization 
at both Pro nitrogens. If salicylate or organic mod- 
ifier concentration in Fig. 3 is increased retention 
decreases. While both conditions favor elution of 
the highly retained NAc-AA resolution is signifi- 
cantly reduced for the low retained, polar deriva- 
tives. A salicylate system peak occurs at a high re- 
tention time and does not interfere with the NAc- 
AA peaks. If the pH is lowered from pH 7.5 (Fig. 3) 
to pH 4.5 with all other conditions being the same, 
NAc-AA retention decreases and resolution of the 
early eluting derivatives is still maintained. The ma- 
jor advantage of the lower pH is that elution times 
for the acidic side chain ~-Asp and L-Glu deriva- 
tives are reduced significantly; their peaks at the 
lower pH follow L-Val (about 10 min) at 12 and 
14.5 min, respectively. At pH 4.5 the L-Phe deriv- 
ative is eluted at about 60 min in contrast to > 100 
min at pH 7.5. Elution of the L-Tyr derivative is also 
pH sensitive because of the acidic side chain and its 
peak occurs between the L-Glu and L-Ile at lower 
pH and greater than L-Glu at higher pH (see Fig. 3). 
The L-Trp derivative, which contains a non-polar 
side chain, elutes in the L-Phe derivative region. Al- 
though not shown peaks in Fig. 3 can be detected 
by IFD since salicylate fluoresces. 

Fig. 4 illustrates the separation of NAc-AA de- 
rivatives using a longer ODS column (250 mm) and 
a stronger eluent. Detection is by IPD at 287 nm 
where NDS absorbs. IFD is also possible since 
NDS fluoresces. Since the pH is 5.0 the ~-Asp and 
L-Glu peaks elute early following the L-Val peak. 
The weakly retained NAc-AA are still well resolved 
because of the column length while the more highly 
retained peaks are eluted as sharp, well resolved 
peaks at a reasonable time because the mobile phase 
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, L-Pro 

0 10 20 30 40 50 60 70 

Time (mid 

Fig. 3. Separation of NAG-AA derivatives. Conditions are the same as in Fig. 2 with pH = 7.5. 

contains the strong eluent counteranion NDS. The 
benzoate system peak is due to the TPeA benzoate 
which was employed as the ion interaction reagent. 

Detection limits 
The IPD detection limit for NAc-AA derivatives 

depending on the mobile phase and detector was 

L-Asp 

about 70 pmol injected as a lo-p1 sample for a signal 
to noise ratio of 3:l. The calibration curve linear 
range covered about three orders of magnitude. For 
example, for IPD of NAc-L-Ser the calibration 
curve using the conditions in Fig. 4 was shown to 
follow the equation peak area = 673 (ng NAc-L- 
Ser) + 58.8 with a correlation coefficient of 

L-Pro 

L-Pho 

0 20 40 60 80 100 

Time (mid 

Fig. 4. Separation of NAc-AA derivatives on a longer column. Mobile phase: aqueous 0.10 mM TPeA benzoate, 0.10 mM Na,NDS, 
pH 5.0; column, Supelco ODS; detection, IPD at 281 nm. 
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> 0.995. Three replicate injections of seven different 
standards were used to establish the calibration 
curve. In general, the more weakly retained NAc- 
AA have lower detection limits than the more high- 
ly retained NAc-AA derivatives, because of sharper 
chromatographic peaks. IPD sensitivity and detec- 
tion limits are directly related to molar absorptivity 
of the counteranion [19,23] and detection limits by 
IPD can be lowered by using a counteranion with a 
higher absorptivity. y,hile IFD and IED are also 
options by using cou,nteranions that fluoresce or are 
electrochemically active (salicylate and NDS and 
iodide, respectively, were studied), IPD is more ver- 
satile because more counteranions are readily avail- 
able that have both high absorptivity values and 
suitable counteranion elution characteristics. Also: 
measurement of a fluorescence or electrochemical 
change on a significant fluorescent or electrochem- 
ical background signal, respectively, is more suscep- 
tible to background noise depending on the detec- 
tor and the quality of its offset capabilities [19]. 

CONCLUSIONS 

NAc-AA are quantitatively separated using a 
R4N+ salt and a chromophoric anion in the mobile 
phase to enhance retention and provide indirect de- 
tection, respectively. The detection limit is about 70 
pmol depending on the NAc-AA. Retention and 
resolution are altered by adjusting mobile phase 
solvent composition, R4N+ and counteranion con- 
centration, and pH. IPD, which is sensitive to these 
parameters, is largely affected by counteranion ab- 
sorptivity. Free AA can also be separated and de- 
termined by this procedure following an acetylation 
derivatization step [ 191. 
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