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Abstract

The objective of this study was to improve primary-amineagen (2-N) quantification in dissolved organic matter (DOM)
originating from natural waters where inorganic forms ofWhich may cause analytical interference, are commonly @meoed.
Efforts were targeted at elucidating organic-N structuraéda influencing the response of organic amines to knoweriroktric and
fluorescent reagents and exploring the use of divalent rastasted amide hydrolysis in combination with fluoreseeanalyses.
We found that reaction ob-phthaldialdehyde (OPA) with primary amines is signifitgrinfluenced by steric factors, whereas
fluorescamine (FLU) lacks sensitivity to steric factors alldws for the detection of a larger suite of organic amiriesluding
di- and tri-peptides and sterically hinderedN. Due to the near quantitative recovery of dissolved pigstiwith the FLU reagent and
lack of analytical response to inorganic nitrogen, we psegbthat FLU be utilized for the quantification of primary amnitrogen.
In exploring the application of divalent metal promoted tidg hydrolysis to the analysis of organic forms of nitrogerbOM, we
found that Zn(ll) reaction increased the total fraction afanic-N detectable by both OPA and FLU reagents. Zn-hydelimproved
recovery of organic-N in natural waters fronb% to 35%. The above method, coupled with standard inorgdrnalyses, allows for
enhanced resolution of dissolved organic nitrogen (DONEEiion in natural waters.

Key words: dissolved organic matt@itrogen (DOMDON); o-phthaldialdehyde; fluorescamine; ninhydrin; amino aciside
hydrolysis; peptides

Introduction refer to the simultaneous measurement of individual class-
es of organic-N compounds, such as amide-NN1 or
Methods for molecular characterization of dissolvedheterocyclic-N, are useful for the rapid and inexpensive
organic nitrogen (DON) in environmental samples arenvestigation of molecular scale dynamics of nitrogenous
rapidly developing due to interest in bioavailability and organic compounds, including but not limited to amino
retention of organic-N in aquatic environments and in theacids (Fisheet al., 2001; Jonest al., 2002).
connections between the carbon and nitrogen biogeochem-The ninhydrin reagent, first developed in 1948, has been
ical cycles (Stevenson and Cheng, 1970; Clements angktensively evaluated for use in biological and forensic
Hilbish, 1991; Fisheet al., 2001; Jonest al,, 2002; Yuet = samples and has come to be used widely in the analysis
al., 2002). Successful spectroscopic approaches have useflamino acids in environmental samples (Stevenson and
derivatization techniques to identify DON compounds byCheng, 1970; Benson and Hare, 1975; Stevenson, 1983;
chemical modification of amine groups to form either aCurotto and Aros, 1993; Shergt al, 1993; Freidman,
chromophore, as in the case of the ninhydrin method2004). Reaction between ninhydrin and reactive nitrogen
or a fluorophore as with the-phthaldialdehyde (OPA) produces a chromophore useful for colorimetric determi-
and fluorescamine (FLU) reagents (Roth, 1971; Roth andation of solution concentration. Furthermore, ninhyésin
Hampai, 1973; Zhu and Kok, 1998). In combination with known to be reactive with ammonium and can overestimate
chromatographic separations, these reagents have facielution a-amino acid concentration unless additional
itated the measurement of individual amino-compoundsneasures, such as pre-treatment wit
within complex environmental samples (Zhu and Kok,taken.
1998; Jonest al, 2002; Yuet al, 2002; Nishiboriet OPA and FLU, developed in the 1970|<fer improved
al., 2003; Yamashita and Tanoue, 2003). In contrast t@ensitivity and selectivity over the ninhydrin method (Rot
chromatographic techniques, bulk measurements, which971; Udenfriendet al., 1972) via formgtion of fluores-
cent adducts with kN (Table 1). Additipnally, OPA is
* Corresponding author. E-mail: fimmen.2@osu.edu. known to be insensitive to inorganic ammonium, although
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Table 1 Comparative reactivity ab-phthaldialdehyde (OPA), Ninhydrin have been previously explored, although the
fluorescamine (FLU), and ninhydrin reagent todkmino acids relative fluorescent response of other common N contain-
Reactivity (%) ing_compounds is still unkpown (Moore and Stein, 1954;
OPA FLU Ninhyarin ~ Weigeleet al, 1972; Q’Renly and Lanza, 1995; Baqtan—
method method® method Polak et al, 2001; Fisheret al, 2001). Not all amino
Aliphatic acids display e_qual reactivity across the th_ree reagents
Glycine 85.0 56.0 90.0 as diferences in molecular structure contribute to the
Alanine 79.0 59.2 89.0 differential response of amine compounds to each reagent.
\L/Z{:r::?ne Za%% 287"; %19'% For bulk measurements it is important to choose a standard
Isoleucine 85.0 841 89.0 with an analytical response that is representative of the
Aromatic entire compound class. The lack of a uniform standard can
Phenylalanine 85.0 82.8 78.0 complicate cross-laboratory comparisons.
Tyrosine 64.0 920 790 Technology for the detection of amino acids has clear-
Tryptophan 75.0 12.3 64.0 . . . ;i
Acidic ly advanced, however, determination of organic nitrogen
Aspartatic acid 90.0 74.8 78.0 contained within amino acid polymers, such as polypep-
SG'“tima_t'C acid 89.0 74.2 94.0 tides and other amides, has received considerably less
-containing . ) . _ . .
Cysteine 50 83.4 48.0 attentlon_. C_ompellmg ewdence_of metal assisted peptlde
Methionine 90.0 945 89.0 hydrolysis indicates that certain divalent metal cations
Alchohols facilitate peptide degradation by promoting hydrolysis of
Serine 100.0 73.5 84.0 the amide bond between specific amino acid sequences in
Threonine 88.0 89.6 82.0 . . . .
N-containing proteins and polypeptides (Zhu and Kostic, 1992; Hegg
Glutamine 86.0 78.6 88.0 and Burstyn, 1995; Uedat al,, 1996; Balet al,, 1998; Zhu
Asparagine 88.0 88.0 84.0 and Kok, 1998;). Grant and coworkers have developed a
Lysine 76.0 99.0 100.0 protocol using fluorescence detection of bulk amino acids
Arginine 85.0 78.5 89.0 derivatized with ELU sub Zn(l d
Histidine 80.0 898 920 erivatized wit subsequent to Zn(ll) promoted pep-

tide hydrolysis, in controlled biochemical systems (Grant
a Fisheret al. (2001), normalized to SerinB;Bantan-Polalet al. (2001), and Pattabhi. 2001: Bantan-Polak and Grant 2002) Here
normalized to Lysine® Moore and Stein (1948, 1954), normalized to ’ ’ . ] o
Lysine. we apply the results from chemical and biochemical ex-

ploration of metal assisted peptide hydrolysis towards the

the response of FLU to ammonium is not as definitiveanalys's of oligopeptides and other amides in soil solution

(Fisher et al, 2001). With the exception of Clements The hydrolysis of oligopeptides, potentially derived from

o L . _decomposing proteins, would convert amide nitrogen into
and Hilbish (1991), who found significant cross-reaction; s .
with NH4*, other studies indicate negligible formation 1°-N, which is reactive to both OPA and FLU. To our

of fluorescent products upon reaction with ammoniun1knOW|edge’ this is the first application of metal assisted
(Udenfriendet al, 1972; Weigeleet al, 1972; O'Reilly peptide hydrolysis with fluorescence derivatization to the
and Lanza 199§_ Banten-PoIek al '2’001) I’30th OPA study of dissolved organic matter in natural water samples.

and FLU form fluorescent adducts with simple dmine The_g_oal of this investigation is to evaluate th_e inherent
compounds such as most amino acids (excluding pralint?,ele_Ct'V'ty of QPA and FL_U reagents along with metal-
a cyclic secondary amine), simple aliphatic amines an ssysted pept_|de hydrqu5|s to deyelep a protocol for_the
small peptides (Udenfrienet al, 1972: Benson and Hare, efﬁmen.t and inexpensive det.ermlnatlo.n of bulk-solution
1975; Lindroth and Mopper, 1979; Yet al, 2002). LN W't.hOUt the eXpense or “T“e requirements O.f HPLC.:
The ehemical structure of a,dducts’ for FLLj and OPAseparatlons, e_spec_nally n stud_|es whe_re _the precise amino
reagents identified byH NMR techniques illustrate that acid composition oy no'F regwred. This |r_1vest|gat|0n_|r_1-
both reagents form fluorescent products with theNlof cludes th_ree specific obJect_|ves. (1) quantify th_e realytl_w
small compounds, including-amino acids, irrespective of and rel_atlve response of various forme of orgemc.(pep,tldes
the nature of the side-chain functional group (Weigete a!|phat|e and aromatic amines) and inorganic nitrogen to
al., 1972; Simons and Johnson, 1976). Additionally, themnhydrm, OPA and FI.‘U reager_1ts, and.eluudate poten-
side-chain functional group attached to tHeN remains tial steric and electronlc_factors mfluencmg respense; (2
covalently attached, rendering the fluorescent adducts e Zn(ll)-promoted amide hydrolysis to determine bulk

different organic amines structurally distinct. Thus thereconcentrations of dissolved amino acids and hydrolyzable

exist inherent compound-specific reactivity towards both"’uﬁmde"\l in soil s.ollu'uon, (3) apply t_he results from prebe
ompound reactivity and Zn(ll) digestion towards im-

OPA and FLU reagents dependent upon: (1) the electroff

density about the reactive nitrogen with decreased electrd® 0V'"Y exper_lm_enta_ll determination of dissolved organic

density negatively fecting adduct formation (electronic n|trogen spema_\tlon in natural water samples and natural

effects), and (2) physical barriers impeding reactivity of therganic matter isolates.

reactive n_itrogen with Ia_rge a_md bulky fun(_:tional groups] Materials and methods

in proximity to the reactive nitrogen negativelyfecting

adduct formation (stericfeects). All standards and reagents were psed as received
Relative reactivities ofi-amino acids to OPA, FLU, and without further purification. Fluorgscamine (798%,
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o-phthaldialdehyde 97%, zinc chloride 98%, 3-chosen to represent a set of electron-donating amines
mercaptopropionic acid 9%, and all organic (ethylanilines) and three electron-withdrawing amines
amines (aniline 99:5%, 2-ethylaniline 98%, 3- (aminobenzoic acids), with each functional group, which
ethylaniline 98%, 4-ethylaniline 98%, anthranilic acid were quantitatively indexed using Hammett Constasmgs (
98+%, 3-aminobenzoic acid 98%, 4-aminobenzoicethyl = —0.13, op-carboxyl = +0.44). Peptide probes
acid 99%, methylamine (40 wt.%), ethanolaminewere selected based upon commercial availability. For
99+%, isopropylamine 99.5%t-butylamine 98%, and each probe compound, the colorimetric (ninhydrin) and
aminodiphenylmethane 97%) were purchased fronfluorescent (FLU and OPA)response was measured at four
Aldrich Chemicals (USA). Peptide standards (Gly-Leu,solution concentrations, 0.25-1.5 mpthofor ninhydrin
Leu-Gly, Val-Gly, Gly-Glu, Lys-Leu, and Leu-Gly-Gly), and 5-100 mgL for OPA and FLU, in triplicate mea-
2-methoxyethanol 9943, tin chloride dihydrate 98%, surements to obtain a four point standasgdibration curve
and sodium cacodylate trihydrate 98% were purchasethinhydrin: R> from 0.981 to 0.999; OPA and FLUR?
from Sigma Chemicals (USA). Sodium carbonate, acetonffom 0.959 to 0.999). A linear regression was computed
99.7%, sodium acetate anhydrous+98, and boric acid for each standard curve and the slope of the regression
99.9% were obtained from Mallinckrodt (USA). Amino line was used to denote “reactivity”. Reactivity percemtag
acid standards (20 standards;+98) were purchased from was determined relative to the reactivity bfleucine,
Fluka (USA). Ammonium nitrate 99:@6 and ninhydrin  our analytical benchmark, which was also measured in
98% were both acquired from JT Baker (USA). triplicate for each concentration standatdleucine was
selected based on the recommendation of Methods of Soil
Analysis (Stevenson, 1996) and due to its comparable

A series of aliphatic and aromatic amine probe com+eactivity to ninhydrin, OPA and FLU (Table 1). Results
pounds were selected to investigate steric and electronfcom our selection of aliphatic, aromatic and peptide probe
factors influencing the formation of fluorescent product incompounds are reported in Table 2, as complementary data
the FLU and OPA methods, in addition to the analysis ofto the amino acid results (Table 1) and are intended to
the 20 common amino acids. Six aliphatic amines wereshed light on the fundamental chemistry which governs
selected to represent a spectrum of sterically hindefed Idifferences in analytical response.
amines, from methylamine with no steric interferences to1 2 Ninhydrin-N
the sterically encumbered aminodiphenylmethane (Tablé’
2). Seven aromatic®lamines (aniline derivatives) were A variation of the classic ninhydrin method was used

in this study (Moore and Stein, 1954; Stevenson, 1996).
Table 2 Reactivity of peptides, organic amines and inorganic géro Ninhydrin reagent was prepared by dissolving 2.0 g of
to the OPA, FLU, and ninhydrin reagents usindeucine response as ninhydrin in a solution of 50 ml of 2-methoxyethanol
100% reactivity
(methyl cellusolve), 25 ml of 5.4 mgl acetate bffer

1.1 Selection and analysis of probe compounds

Reactivity (%) (pH 5), and 25 ml of DI-water followed by the addition
Standard OPA FLU Ninhydrin ~ of 80 mg of SnCi(S). Ninhydrin reactive nitrogen in
Leucine 100 100 100 each sample was determined by the addition of 0.5 ml
Aliphatic amines of sample or standard to 0.5 ml of a 0.4 fhobodium
Methylamine 100 91 102 citrate solution and 2 ml of the ninhydrin reagent. This
Eg‘;’éﬂ;':;‘iie égl ;51 N %)013 mixture was then heated at 85°C for 20 min and allowed
t-Butylamine 26 80 ~01 to cool to room temperature before measuring the solution
Aminodiphenylmethanea 9 109 55 absorbance at 570 nm (BioSpec-1601 Spectrophotometer,
Glucosamine 63 77 87 Shimadzu, Japan).
Aromatic amines
Aniline 14 112 >0.1 1.3 OPA-N
ortho-2-Ethylaniline 10 40 >0.1
meta3-Ethylaniline 27 110 >0.1 The method described by Fishet al. (2001) was
Pazra:‘"?thg'a”"”_‘e d 4: 522 >8-1 modified as follows. The OPA reagent was prepared by
0-Z-Aminobenzoic acl > 0. . . . .
m3-Aminobenzoic acid 4 119 So1 dissolving 100 mg of OPA in a soIl_Jthn ofllo ml of
p-4-Aminobenzoic acid 7 51 0.1 methanol, 0.1 ml of 3-mercaptopropionic acid (3MPA),
Peptides and 200 ml of a 20 mmgl borate bdfer (pH 9.5).
g:y'('-;‘?u gg ﬁi gg We selected 3MPA ovep-mercaptoethanol due to the
Le)L/J_-GIL)I/ 21 100 87 increased stability of the final fluores_cent _adduct .and its
Val-Gly 17 119 86 lower vapor pressure. The OPA-reactive nitrogen in each
Lys-Leu 39 114 66 sample was determined by adding 3 ml of OPA reagent
Ir'\-;“ﬁ]'ﬁ’:'_ﬁ'y 9 108 61 to 0.1 ml of sample. Preliminary studies|indicated that the
NH%,NOg 29 0.70 95 sample-reagent solution mixture requifed approximately

. — . —— 15 min for the formation of the fluoresgent product prior
For this study, aminodiphenylmethane is treated as analipamine due Ivsis. A 2004 b | f d
to the separation of the reactive amine from the conjugatechatic - to analysis. Q¢ sub-sample was [ransferred to a

system by an spcarbon spacer. Thus, the nitrogen atom is not truly in Costar 96-well round-bottom polystyrerje assay plate for
resonance with either aromatic ring. fluorescence analysis (Perkin Elmer HTS 7000 BioAssay
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Plate reader, HTSoft Windows-based software, USA)This pretreatment was determined to result in no leaching
The plate reader was fitted with 350 nm excitation andf carbon (determined by TOC analysis, Shimadzu TOC
460 nm emission filters (35 nm bandwidth), selected6000A, USA) or nitrogen (organic or inorganic forms).
from excitation and emission spectra of individual aminoSamples were analyzed within 3 weeks of collection, and
acids for our specific experimental conditions (Agilentanalyzed in triplicate (cdBcient percentage of variation
Technologies Fluorometer model 1100, USA). The opti-5%).
mal wavelengths for fluorescence excitation and emissio
changed minimally £10 nm) with choice of reducing
agent -mercaptoethanol vs. 3MPA). Metal-promoted hydrolysis experiments were conduct-
ed to explore thefcacy of Zn(ll) facilitated hydrolysis of
different forms of amide-N to°iN. Zinc was selected from
Fluorescamine-reactive nitrogen was determined folthe spectrum of metals available for peptide hydrolysis
lowing a procedure modified from Grant and co-workers(e.g., Pd(Il), Ni(ll), Cu(ll)) due to the adaptability of
(Grant and Pattabhi, 2001; Bantan-Polak and Grant, 2002he procedure described by Grant and Pattabhi (2001).
The fluorescamine reagent was prepared by dissolving Briefly, 1 ml aliquots of a 0.2 mmdl leucine solution,
mg of fluorescamine in 1 ml of acetone (0.1%,M}. The 0.2 mmolL peptide solutions (Gly-Leu, Val-Gly, Gly-
195 ul of sample or standard were transferred to a CostaGlu, Leu-Gly, and Leu-Gly-Gly), filtered soil-solutions
96-well round-bottom polystyrene assay plate followed bywere individually added to 1.7 ml micro-centrifuge tubes
15 ul of a 1 moJL sodium carbonate Itter (pH 9.9) and containing 0.2 ml of 10 mmgdlL ZnCl, in 50 mmolL
90 ul of the fluorescamine-acetone solution. The assagodium cacodylate liter (pH 7.5). All Zn-digestions were
plate was allowed to react at room temperature for approxgserformed at 70°C for 20 h. Sample volatilization within
imately 5 min prior to analysis by fluorescence using thehe small headspace is considered to be minimal, provided
BioAssay plate reader fitted with 365 nm excitation filter that leucine controls were quantitatively recovered @)ig.
and 505 nm emission filter (35 nm bandwidth). NativeDigested samples were analyzed using OPA and FLU
chromophores and fluorophores present within DOM daccording to methods described above for soil solutions.
not interfere with this analysis due to intrinsic fluoresoen
at this excitatiofemission wavelengths or the absorption of2 Results
photons emitted by the fluorophore produced by reaction
of primary amines with the FLU reagent.

7 Zinc-promoted amide hydrolysis

1.4 Fluorescamine-N

2.1 Organic amine reactivity

151 ic-N . . . . . .
norganic Reaction of aliphatic amines with OPA displayed the

Nitrate and ammonium ions were measured usindollowing reactivity percentage trend relativeltdeuciene
standard methods with TRAACS 8000 auto-analyze(Table 2): methylamine — ethanolamine isopropy-
(Norderstedt, Germany). Briefly, ammonium was meadamine > t-butylamine > aminodiphenylmethane. This
sured using sodium phenoxide and sodium hypochloriterend suggests that OPA was generally reactive to small
oxidation followed by sodium nitroprusside addition for amine-containing compounds, with displayed sensitivi-
colorimetric determination at 660 nm. Total dissolvedty to the steric environment surrounding the reactive
nitrogen (NQ~ + NHz + DON) was determined colori- amine functional group. Smaller amines, with the amine
metrically by hydrazine reduction subsequent to oxidativeunctional group adjacent to a primary carbon (methyl-
digestion using potassium persulfate, where all sampland ethanol amine) were nearly 100% reactive, where-
nitrogen is recovered as nitrate. Nitrite measurements wefas compounds with amine groups adjacent to secondary
attempted but were below detection limits for all soil or tertiary carbon (isopropylaminé;butylamine, amin-
solutions. odiphenylmethane) were not fully reactive compared to
L-leucine. The presence of secondary and tertiary carbons
appears to cause structural interference to the interactio

Two soil water collection systems were installed in thebetween the reactive nitrogen and the OPA reagent. Al-
Duke Forest (Durham, NC, USA); one within a standthough FLU did appear to display moderatdfetiential
of loblolly pine (Pinus taeda overlying an Appling soil  reactivity with aliphatic amines (71%-109%), the trend is
series (Ultisol), the second within a forest dominatednot distinctly suggestive of steric sensitivities. Ninhiyd
by white oak Quercus alba overlying a Georgeville was nearly 100% reactive with amine groups adjacent
soil series (Ultisol). Each set of collectors consisted ofto a primary carbon, moderately reactive to compounds
two tension-free O-horizon water collectors and parallewith amine groups adjacent to secondary carbons and
set at 15 cm. Samples were not composited and wengnresponsive to amine groups adjacen
analyzed separately, except for the Georgeville 15 cnConsidered together, these data emphpsize that the FLU
samples (Oak) that were composited due to limited sampleeagent is relatively urfected by the presence of bulky
volume. Samples were filtered to Qun (polycarbonate groups that could sterically interfere With the reaction
membrane filters), acidified to pH 2 with HCI, and storedbetween the reagent and the primary anine.
in the dark at 4°C until analysis. Polycarbonate filters were Ethyl and carboxylic acid aniline derivatives were
washed with 0.1 mgL HCI prior to sample processing. selected based on their contrasting electron- donat-

1.6 Field samples: natural water collection
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ing/withdrawing properties. OPA displayed 50% re- studies where essentially no cross-reaction with; N\
activity across all aniline compounds tested. Howeverwas observed (Udenfriendt al., 1972; Weigeleet al,
reactivity was greater with the ethylaniline (electron do-1972; Grant and Pattabhi, 2001; Bantan-Polak and Grant,
nating) derivatives than the carboxylic acid (electron2002). As previously stated, ninhydrin nearly quantita-
withdrawing) compounds>( 10% vs.< 7%, Table 2). tively recovered NE-N (Stevenson, 1996). Ninhydrin is
Among the diferent ethylaniline derivatives we found unresponsive to all aniline derivatives as well as isopropy
the reactivity trend with OPA was 4-ethylaniline 3- lamine and-butylamine.
ethy[amlme > aniline > 2-ethylam|me. The response , » oPA and FLU determination of DON composition
relative to aniline was enhanced with an electron donating™™ . .
. . . L in soil-water samples

substituent in thenetaandpara positions and diminished
with a substituent in thertho position, likely due to the Concentrations of total nitrogen (TN) were approxi-
neighboring ethyl group interfering with reagent interac-mately 2 mgML in 0-horizon (suficial horizon) solutions
tion with 1°-N. Reactivity towards aromatic amines was and decreased to 0.9-1.3 m@Nat 15 cm depth (Table
significantly suppressed by the presence of electron with3d). Ammonium concentrations are higher in the 0-horizon,
drawing carboxylic acid functional groups as indicatedrepresenting approximately 50% of the TN. Nitrate con-
by the very low fluorescence response to carboxylic aci¢entrations under pine (Appling samples) were 0.1-0.3
aniline derivatives (4%—7% v&-leucine). mgN/L in 0-horizon samples (App Oa and 0Ob) and decline

The relative responses of ethyl aniline derivatives withto 0.01-0.04 mgL at 15 cm depth (App 15a and App
FLU indicated themetaisomer has the greatest fluores- 15b), whereas all Oak samples (Georgeville) wer@.1
cence response whereas tirtho andparaisomers only mgN/L as nitrate. Concentration of DON was nearly 1
showed 40% and 52% reactivity, respectively. Similarly,mgN/L in all solutions collected, with the fraction of DON
response with carboxylic acid derivatives demonstrated eecovered by FLU being greater than that recovered by
greater reactivity of thenetaisomer (119%) and dimin- OPA in all samples, an outcome attributed to the complex
ished reactivity for theortho and para isomers. Reaction nature of nitrogen within natural organic matter samples.
with o-aminobenzoic acid was probably hindered by in-The remainder of uncharacterized DON in our samples
tramolecular hydrogen bonding interactions between th&as> 90%.
ortho amino and carboxyl groups (Table 2), whereas . .
the electron withdrawing (through resonance) by the car-z'3 Metal promoted amide hydrolysis
boxylic acid group at thepara position diminished the Five peptides, water samples were digested with ZnCl
response of thgara isomer. With the exception ob- to facilitate amide hydrolysis (Fig.1). Zinc digestion hy-
aminobenzoic acid, FLU displayed a comparatively greatedrolyzed 73% of amide bonds of the Val-Gly dipeptide, but
reactivity to aromatic amines than OPA. this efect was essentially negligible with other dipeptides.

Even though polypeptides contain greater quantitie§hat the Zn(ll) reagent is unable to cleave all dipeptides
of organic nitrogen per mole of compound, the overallwith total dficiency is consistent with previous results
fluorescent response to OPA was significantly reduceth which this reagent was shown to be figetive with
(< 51%) compared td-leucine. However, this reduction Gly-Gly but cleaved around 90% of the dipeptide Gly-
was not as extreme with ninhydrin. Notably, FLU showedSer (Bantan-Polakt al., 2001). Collectively, these results
greater than 100% reactivity to peptidesfiBiences in indicate that Zn(ll)-promoted peptide hydrolysis reqsire
sensitivity towards the steric environment of the reactivespecific amino acid side chain functional groups (Ueta
nitrogen between the OPA and FLU reagents were alsal., 1996; Grant and Pattabhi, 2001). However, structural
manifest in their reactivity towards polypeptides. details of the metal-peptide complex that render amide

Our estimate of OPA response to ammonium (2.2%)onds susceptible to hydrolysis are still unknown.
closely matches that of Fisher and co-workers who record- DON in soil water was proved to be susceptible to
ed a 5% response to NFN (Fisheret al, 2001). FLU  peptide hydrolysis digestions with Zn(ll). Fluorescent re
analysis showed virtually no response to NN (0.07%  sponse of both OPA and FLU reagents before and after
vs. L-leucine), consistent with the findings of previousdigestion with Zn(ll) are depicted in Fig.2. Recovery of

- 5.00 _ 500 ~

S a Control = b Control
Eo 4.00 - O Zn(1r) digest Eo 4.00 O Zn(1) digest
8 g

2 3.00 - @ 300 -

£ E

I =1

8 200 2 200 L

§ g

E 1.00 - E 1.00

E £

B E

A ~

= |l LommE ] | mml ] 0 ! ! ]
Gly-Leu  Val-Gly Leu-Gly-Gly Gly-Glu Leu-Gly Gly-Leu Val-Gly Leu-Gly-Gly Gly-Glu

Fig. 1 Zn promoted hydrolysis of 5 peptides: (a) analysis with OfAanalysis with FLU.
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DON was increased by as much as 3.2 times (Tables 8ame degree of sensitivity to steric factors as the OPA
and 4), increasing organic-N quantification in DOM from reagent, demonstrated by the fact that FLU possesses

< 10% to as much as 38%. 71% response to all aliphatic amines tested and around
100% response with the N-terminus of small peptides,
3 Discussion relative toL-leucine (Table 2).

Susceptibility to electronic factors alsofiirs between

3.1 Structural criteria influencing OPA, FLU, and nin-  the OPA and FLU reagents. Although OPA shows a

hydrin reactivity markedly low reactivity to aromatic amines (4%-45%),
increased reactivity of the 4- and 3- ethylaniline isomers
- ) ) over the un-substituted aniline suggests that electroa-don
and do not sfier from cross-reaction with ammonium. i, enhances the reactivity of amines to the OPA reagent.
The pattern of OPA reactivity across aliphatic aminesgeric interference from the adjacent ethyl group depeesse
indicates an intrinsic sensitivity to the steric milieu abo the reactivity of 2-ethylaniline below even that of aniline

the carbon adjacent to the reactive amine. Primary-C as iegating any enhancement via electron donation. Electron
methylamine, is not sterically hindered, whereas terttary withdrawing groups, in particular carboxylic acids, can

as in isopropyl amine and quaternary-C agbutylamine  oqqentially de-activate the amine. FLU is not as sensitive
are increasingly hindered (Tables 1 and 2). Structurgl, gjectronic perturbations from aryl substituents, alto
criteria responsible for the trends among the amino acidgyih, andpara substituents can render fluorescent reactiv-

(Table 1) are more dicult to discern due to the common i, only 40% of the un-substituted aniline, or even to 2%
degree of substitution of the adjacent carbon atom (tgrtiar 55 \vitho-aminobenzoic acid.

NH2-CH(R)-CO:H) across all amino acids. Nevertheless, the cause for the tierence in amine reactivity to OPA

reactivity diferences between amino acids and peptidegng FLy is most likely influenced by the structure of the

also support a stericfiect for observed selectivity of 1 reagents (Fig.3). The mechanism for each reaction
the OPA reagent. The FLU reagent does not display thgs remarkably similar, with a nucleophilic addition of a

Both OPA and FLU reagents selectively react withNL

; 0.14 - @ Control ; 0.14 @ Control
E" 012 0O Zn(1I) digest %" 0.12 0O Zn(1II) digest
§o 0.10 a 0.10
£ 008 £ 008
s 006 s 0.06
‘E 0.04 E 0.04
<
g 0.02 g 0.02
E o L I £ o 1 ! !
) > A > \o 5 ) > o > 0
Q AD N Q AY Q Q AD AD
?,QQ ® ® & ?,QQ Y’QQ ?&Q ?,QQ °

Fig. 2 Zn(ll) promoted peptide hydrolysis of soil solution DON) @nalysis with OPA; (b) analysis with FLU.

Table 3 Dissolved nitrogen analysis of Duke Forest soil, USA soluttollection

Sample TN NH*-N NO3~-N DON OPA-N FLU-N Nin-N Uncharacterized
(mgN/L) (mgN/L) (mgN/L) (mgN/L) (mgN/L) (mgN/L) (mgN/L) (%)
App 0a 2.21 131 0.280 0.62 0.041 0.053 0.087 91.4
App Ob 1.94 0.72 0.095 1.12 0.022 0.043 0.331 96.2
App 15a 1.33 0.06 0.012 1.26 0.012 0.065 0.062 94.8
App 15b 0.89 0.03 0.036 0.82 0.032 0.079 0.071 90.4
Geo Oa 1.60 0.56 0.037 1.00 0.031 0.073 0.484 92.7
Geo Ob 2.31 1.33 0.093 0.88 0.044 0.051 -0.320 94.3
Geo 15 1.29 0.06 0.076 1.16 0.027 0.047 0.033 96.0

App: appling (under pine); Geo: Georgeville (under oak);\DAN — (NH4*-N + NO3~-N); Nin-N: adjusted to account for 95% recovery of NHN;
4 Uncharacterizeé (DON — FLU-NYDON x 100%; analytical error is 5% for each sample.

Table 4 Dissolved organic nitrogen (DON) analysis of Duke Foredtssmution collection following Zn promoted peptide hydiysis

Sample DON (mgiL) OPA-N (mgNL) FLU-N (mgN/L) FLU-OPA (mgNL) Peptide-N (mgihL) Uncharacterized (%)

App Oa 0.617 0.0924 0.133 0.041 0.103 647
App Ob 1.12 0.0585 0.066 0.008 0.020 92.3
App 15a 1.26 0.0478 0.110 0.062 0.155 79.0
App 15b 0.819 0.0418 0.0869 0.045 0.113 75.6
Geo Oa 0.998 0.0710 0.118 0.047 0.118 76.3
Geo 0b 0.881 0.0626 0.121 0.058 0.145 69.9
Geo 15 1.16 0.0859 0.0915 0.015 0.015 90.8

DON: see Table 2; peptide-N 2.5 x (FLU-OPA); uncharacterizeg¢ (DON — FLU-N — peptide-NJDON x 100%.
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a 0 larger molecules with amide linkages. Furthermore, based
o A)L upon the sensitivity of the OPA reagent to steric hin-
- IMPA $ OH drances, particularly to the detection of dipeptides, &ed t
g THNR —— = observation that there may be considerable quantities of
pHI.5 N—R T . . .
15 min ~ amines in the form of oligopeptides, the choice of the FLU

reagent is preferable for the quantitative recoveryeN1
in environmental aquatic samples.

RN O 4 Conclusions

H 9.9 . .
+ H,N-R p_.> OH © Our attempts at metal promoted hydrolysis begin the
5 min OH effort of applying available biochemical methods to the
o analysis of peptides in soil solution. Our experiments

using Zn(ll)-promoted peptide hydrolysis were apparently
successful at the conversion of molecularly uncharacter-
) ) ) .. ized organic nitrogen into forms of DON recoverable by
primary amine to a carbonyl carbon (direct nucleophilicopa ang FLU fluorescent techniques. Future work should
addition with OPA and Michael addition to the,}- e focused at the concomitant use offetient divalent
unsaturated carbonyl with FLU). However, the carbonyl Cryatals known to promote the cleavage of peptide bonds
is a benzaldehyde group for the OPA whereas the carbon é.g. Cé*, Ni?*, P&+, and Pd") which may possess

C is part of a geometrically strained spiro acetal functionairerential reactivity towards individual peptides (Zhu and
group for FLU. Spiro functional groups induce ring- Kostic, 1992; Hegg and Burstyn, 1995; Ueetzal., 1996:

strain into a molecule’s skeleton, by causing geometricag,| et al. 1998: Grant and Pattabhi 2001). fidrent
distortions in bond angles. In the amine reaction with FLU i a1ent metal “cocktails” could theoretically faciliaia

the spiro-ring system is opened upon Michael addition Obreater extent of peptide hydrolysis producing smaller

the nucleophile to thew-unsaturated ketone. It appears ;mide and amine compounds reactive towards OPA and
that the energetic benefits involved in the relief of ring-g |y reagents, improving the quantification of DON in
strain must be siicient to overcome the steric barriers that ¢, ot ecosyst,ems and decreasing the fraction that re-
impede adduct formation. _ _ mains uncharacterized. Ultimately the results of this ptud
Successful application of the ninhydrin reagent to analyemonstrated that the combination of metal assisted amide

ysis of our soil water samples requires an account ofyqrolysis and FLU-derivatization can improve quantifica-
ammonia either by independent determination in eack,n, of DON speciation in environmental samples.
sample, as attempted here, or treatment with alkali and heat

to volatilize ammonia. Based upon the lack of interferenceécknowledgments
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Fig. 3 Reaction mechanism of OPA (a) and FLU (b) reagents.
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Forms of DON recovered by FLU include compounds

such as small aliphatic’ lamines and amino acids, aniline
derivatives, and the N-terminus of peptides. Small 1

amines and am!r_m aC|d§ ar_e also recove_red by the OPé‘al W, Lukszo J, Bialkowski K, Kasprzak K, 1998. Interactson
reagent, but aniline derivatives and peptides larger that ¢ hickel(l) with histones: Interactions of nickel(ll) i

di-peptides are not quantitatively recovered. Results of  cp,co-Thr-Glu-Ser-His-His-Lys-NH a peptide model-
divalent metal-promoted peptide hydrolysis of soil sauti ing the potential metal binding site in the “C-Tail” region
indicate a substantial presence of dissolved poly-amide  of Histone H2A.Chem Res Toxicol1l: 1014-1023.

material hydrolyzable by the Zn(ll) reagent, although theBantan-Polak T, Kassai M, Grant K B, 2001. A comparison of
results of dipeptide digestions do not indicate an extensiv fluorescamine and naphthalene-2,3-dicarboxaldehyde fluo-
degree of dipeptide hydrolysis. It has been previously rogenic reagents for microplate-based detection of amino
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