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The absolute proton affinities of the nonprotein amino acids canavanine and canaline have been determined
using the extended kinetic method in an electrospray ionization quadrupole ion trap instrument. Canavanine
results from the substitution of an oxygen atom for $#8€H, group in the side chain of the protein amino

acid arginine, whereas canaline results from a similar substitution a$-@ld, group in the side chain of
ornithine. Absolute proton affinities of 100 9 and 950+ 7 kJ/mol are obtained for canavanine and canaline,
respectively. For canaline, this proton affinity is in excellent agreement with theoretical predictions obtained
using the hybrid density functional theory method B3LYP/6-8%#1G**//B3LYP/6-31+G*. For canavanine,

theory predicts a somewhat larger proton affinity of 1015 kJ/mol. Oxygen atom substitution in these nonprotein
amino acids results in a decrease in their proton affinities ef3@kJ/mol compared to arginine and ornithine.

Introduction measured using the kinetic method as 10618 kJ/mol#°

Substitution of the oxyguanido group in canavanine for the
guanido group in arginine results in a decrease in basicity of 5
pKa units in solution, with the N-terminus as the most basic

As the building blocks of peptides and proteins, amino acids
are vitally important biochemical species. A detailed knowledge

of their c_hemlcal properties is essentlal to understan_dlng_thesite_ge Arginine is metabolized through the urea cycle to
complex interplay between amino acid structure and biological orithine @) and then to citrulline and argininosuccinate. Species
function. Although there are hundreds of naturally occurring ¢ insects that can tolerate ingestion of canavanine have
amino acids, only 20 protein amino acids (PAAs) play a role yeyeloped a separate pathway to metabolize it. The first
in human protein and peptide synthesis. The advent of soft meiapolite in this pathway is canaling)(an oxyanalogue of
ionization sources such as electrospray ionization (E&W  gpjthine. Canaline is a potent antimetabolite and appears to be

matrix-assisted laser desorptisionization (MALDI)? have unigue among naturally occurring amino acids in its possession
allowed powerful mass spectrometry techniques to be applied ¢ the aminooxy group on the side ch4fOxyanalogues of

to amino acids and other species of biological interest. A wide o5ch metabolite in the urea cycle have been observed.
variety of intrinsic gas-phase thermochemical properties of the

PAAs have been investigated including proton affinifiesgas- o (0]
phase aciditie?-12 and alkalt®*~26 and transition metal ion
affinities 27 NH, HO

Recently, we have been studying the effects of systematic HO
substitutions on the gas-phase thermochemical properties of
amino acids by determining the intrinsic properties of nonprotein
amino acids (NPAAYE-30 The NPAAS! are ubiquitous in the _0
plant and fungi kingdoms and serve a wide range of functions
ranging from nitrogen storage to defense from predatiof?. )|\ /J\
Many NPAAs are structurally similar to one or more of the H,N NH, HN NH
PAAs; therefore, they can compete with them in a variety of Cav. 1 Arg. 2
biological pathway®—38 or be misincorporated into peptides > &
and proteins83%40 For example, the nonprotein amino acid 0
canavanine) results from a simple substitution of an oxygen
atom for thed-CH, group in the side chain of the PAA arginine NH, NH,
(2). Certain insects that feed on canavanine-rich seeds have HO HO
incidences of substitution of one-third of available arginine
residues by canavanif@while others seem to have developed
a means to avoid this misincorporatigtt! Once misincorpo-
rated into a protein, the NPAA can cause changes in structure _0
due to changes in acid/base properties or in hydrogen bonding H,N HoN
capability36-39This property has lead researchers to investigate Can. 3 Om. 4
the possibility of using canavanine as an anticancer thefady. ’ ’

Arginine is the most basic of the protein amino acid&{p In addition to their biological relevance, the NPAAs serve
of 12.5 in solution}** The proton affinity of arginine was  as attractive candidates to study the subtle interplay between
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the structure and energetics of amino acids. We have been usingfABLE 1: Thermochemical Properties of the Reference
a combined experimentatheoretical approach using the ex- Bases

tended kinetic method in a quadrupole ion trap and high-level base PA (kJ/mol) 1 3
density func_tional theo_ry calculations to determine various cyclohexylamine 934 X
thermochemical properties of NPAAs. For example, we found  exg2-aminonorbornane 935 X
a correlation between the proton affinity and ring size in proline  3-picoline 943 X
and its four- and six-membered ring analogues, azetidine-2- 4-picoline 947 X
carboxylic acid, and pipecolic acfd.In a recent study on the f’riyé{ﬁyﬂ:%eme %Aé% X X
proFor_1 affinity of .PAA lysine a_md |_ts NPAA homo'F’g“es N,N-dimethylcyclohexylamine 984 X
ornithine @), 2,4-diaminobutanoic acid, and 2,3-diaminopro- 3 g 6-tetramethylpiperidine 087 X
panoic acid, we found a monotonic decrease in both the proton  tripropylamine 991 X

affinity and derived entropy term (vide infra) with chain length. N,N-diisopropylethylamine 994 X

In this manuscript we report the first experimental determi-
nation of the gas-phase proton affinity of canavanibeand
canaline 8), oxyanalogues of arginin€) and ornithine 4).
Also, the results of high-level hybrid density functional theory Vs the slopes from plot 1 gives kinetic method plot 2. From
calculations are presented which give indications for the this plot the proton affinity and a prediction for the entropy of
preferred sites of protonation in these species as well as theprotonation can be obtained (slopeAHA — AHayg y-intercept
relative basicities of other sites. These studies indicate that= ASs/R — ASW/R, vide supraf®4°
oxygen atom substitution results in a lowering of the basicity ~ The use of the intercept from plot 2, which is derived from
of the side chains of these amino acids on the order of 40 kJ/transition-state activation entropy differences, as a quantitative
mol. measure for the thermodynamic protonation entropy has received
considerable attention in the literature of 1&%¢%55 Ervin
carried out Rice-RamspergerKassel and RiceRamsperger
Kasset-Marcus (RRKM) calculations in an effort to model the

Experimental Methods. All experiments were performed derin_ed entropy term and. came to the conclu;jon that the entropy
using a Finnigan LCQ Deca quadrupole ion trap equipped with termis a dlfference |r.1'm|crocanon|cal densme§ of states of the
an external ESI source. Heterodimers of the compound of WO competing transition states. Recent studies by Bouch_oqx
interest with a reference base of known proton affinity were and co-workers of diols and amino alcohols and by Wesdemiotis

formed in an acidified (1% acetic acid) 49.5:49.5 methanol: and co-workers ofi-alanine andx,«-diamines® indicate that
water solution. Solution concentrations were varied in order to €Nthalpies obtained from extended kinetic method experiments
maximize the production of proton-bound dimers of the amino &re usually in good_ agreement with literature values, whereas
acid and the reference base and were usually in the range of 1€ entropies were in poorer agreement. Vekey and co-workers
x 10741t0 5 x 1075 M. Solutions were directly infused into the performed a series of simulations using the MassKinetics
electrospray ionization source at flow rates efZ uL/min. program and came to the conclusion that, whereas enthalpies
Electrospray and ion-focusing conditions were also varied to Obtained from the kinetic method are generally in agreement
maximize the ion count for the proton-bound heterodimer. The with literature values, entropies are gengrally underestimated,
proton-bound dimer ions were isolated @at= 0.250 with a  and St?ey recommended scaling the derived entropy term by
mass width adjusted to maximize ion signal while still maintain- 1-35>" Three feature commentaries on the Vekey paper were
ing isolation. The isolated ions were allowed to undergo recentlly published in which the conclusions from the Vekey
collision-induced dissociation with the background helium PapeP!were evaluated, and additional data was presented in
atoms. For canavanine, the ratio of the protonated reference bas@n effort to try to corme §4° a consensus on how to handle entropy
to the protonated amino acid was obtained by performing an N the kinetic method?~> Bouchoux and co-workers presented
activation amplitude scan from 0 to 100% in steps of two. The results from microcanonical simulations that demonstrate that
final ion ratios are averages of at least 3 scans obtained onP0th the enthalpic terms and entropy terms are slightly
several different days. For canaline, instead of scanning the Underestimated They saw underestimations in the range of

activation amplitude, three representative activation amplitudes 10—15% in ASvalues from the simulations while noting that
were chosen. certain experimental stud®s®® have seen underestimations of

The Extended Kinetic Method. Proton affinities and entropy ~ 20~90%. Ervin and Armentrofit also presented simulations
contributions are obtained from the extended kinetic method ©f kinetic method data using RRKM theory. They conclude that

a Reference 60.

Experimental Section

that has been described in detail elsewh&f&-49 The final there can be systematic errors in both the derived enthzigy (
version of the extended kinetic method takes the form 12 kJ/mol) and entropy terms:@—30 J mot* K™). Wesde-
miotis presented a transition-state switching mechanism that
| AH. — AH . A helps to explain the underestimation of derived entropy vatties.
In(ﬁ ~_ avg AH, — AHayg > _AS Finally, Vekey had the opportunity to comment on the com-
Ia RTest RTes R R mentarie®® and came to the conclusions that (1) the extended

kinetic method, rather than its simpler fornmustbe used to
from which two plots can be generated. The first plot (plot 1) determine thermochemical information for all but the simplest
is of In[I(RefBHT)/I(AHT)] vs AHg, — AHayg WhereAHg, is systems, (2) when the entropy difference is less than about 35
the proton affinity of reference bas@ndAHay4is the average  J mol~t K—1, the corresponding ion affinities should be accurate,
proton affinity of the set of 45 reference bases. A best-fit line  and (3) if entropy effects are large 85 J mott K9) it is likely
to the data in kinetic method plot 1 yields a slope equal R/ that the entropy values will be underestimated. In light of these
and ay-intercept equal to-[(AHA — AHayg/RTest + ASa/R — findings, the entropy values obtained tband3 are probably
AS/R]. Each activation energy used yields a different slope underestimated and should be treated as lower limits of the true
and intercept. A plot of the negative of each of the intercepts protonation entropies.
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Figure 1. Plot of In(BH™/1H*) vs AHg, — AHayg Lines and symbols obtained from activation amplitudes 12% (squares), 22% (diamonds), and
38% (triangles).

Orthogonal Distance Regression (ODR) AnalysisErvin Materials. All chemicals including the nonprotein amino
and Armentrout have recently developed a new approach toacids were purchased from Sigma-Aldrich (St. Louis) and used
fitting kinetic method plots involving an orthogonal distance without further purification.
regression approadfIn this procedure, a regression algorithm
is used to forcen best-fit lines atm different energies to cross  Results and Discussion
at a common point. Th&-coordinate of this crossing point
corresponds to the enthalpic term of interest ang/beordinate Canavanine. Proton-bound dimers of canavanine with a
corresponds to the entropic term. Kinetic method datd famd series of five reference bases were isolated in the ion trap. To
3 were fit with both the traditional and ODR procedures and probe as wide a range of effective temperatures as possible,
the actual ion affinities and derived entropy terms are virtually fragmentation ratios were measured by performing an activation
identical. The improvement of the ODR method is that it gives amplitude scan from 0 to 100%. At activation amplitudes below
a more realistic estimation of the uncertainty of the derived 12%, not enough fragmentation occurred to provide an accurate
values. Final uncertainties are obtained from Monte Carlo fragmentation ratio. Above 38%, the effective temperature of
simulations in which random noise is generated within user- the collisions levels off as radiative cooling of the activated
defined ranges of the uncertainties in the proton affinity of each ions competes with further activation. The kinetic method
reference base and in the experimental ion ratios. For theseanalysis was therefore performed at activation amplitudes
studies, the uncertainties in the PA of the reference bases and€tween 12 and 38%. The following compounds, with.RAs
the In(ratio) weret4 kJ/mol and+-0.05, respectively. 987.6 kJ mot?, were used as reference bases: triethylamine,

Theoretical Procedures.Theoretical values for proton af- N_,N-dimethylcyclohexqumine, 2,2,6,6-teFramethyIpiper_io!ine,
finities were obtained from hybrid density functional theory tfiPropylamine, andN,N-diisopropylethylamine. Proton affinity
calculations using the B3LYP functional combinatiGR&! Al values for all reference compounds are listed in Table 1. Figure

calculations were performed using PCModel and the Gauss- L Shows a plot of Ing/la) vs AHg, — AHaygin which AHg, is
ian98W suite of programf& A conformational search is first e Proton affinity of reference bas@ndAHay is the average

performed using the GMMX algorithm in PCModel and the proton affinity of the five reference bases used. A best-fit line

lowest 20-30 structures for each molecule are then used as 'S Made for each of the activation amplitudes (only shown for
: . :

starting points for progressively increasing levels of ab initio -2 22, and 38%), and each of those lines yields a slope equal

; ; ; : e 0 1RTer and ay-intercept equal to-[AHA — AHadRTerr +
or density functional theory calculations. Ultimately, geometries € . d .
and harmonic vibrational frequencies for all amino acids and 2/R — ASs/R]. The x-intercepts of each of the lines give a

L e
their protonated forms were calculated at the B3LYP/6-Gt _ran%? qf agpbarer:t tl::_asmtl;:es of 9?9 992? k.‘] {no‘r ' Itzlguretlf
level. Total electronic energies were obtained from B3LYP/6- is obtained by plotting the negative of thentercepts vs the

311++G** single-point calculations at the B3LYP/6-31G* Slo.pt.as of each of the Iings n Fig_ure 1. From thig plot the proton
geometries. Enthalpies at 298 K were calculated using zero- affinity and entropy of dissociation can be obtained. The slope

point energy (ZPE) and thermal corrections from scaled of the b?St'f't line in Figure 2 is 16.9 k‘.] T“é‘ Adding th|§ to
vibrational frequencie®® AHayg gives a value for the proton affinity for canavanine of

. _ 1004.5 kJ mot!. To determine the entropy of dissociation for
Predictions for the proton affinities dfand3 were computed

. . . canavanine, the intercept of the best-fit line in Figure-3.8)
directly from calculated enthalpies at 298 K. Proton affinities ;g multiplied by the gas constant, 8.314 J mdk-1, to give a
were also predicted from isodesmic reaction 1 with ethylene- xg— _47.9 J mot® K-1. Final {/alues for all e>’<perimenta|

diamine (PA= 951 kJ/molj* serving as the reference base .4 theoretical quantities are given in Table 2.

N N Fitting the data with the ODR method gives similar results
AA + NH,CH,CH,NH;" — AAH " + NH,CH,CH,NH, (1) for the proton affinity ofl (1001.2 kJ/mol and-38.6 J mot?
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Figure 2. [(AH:1 — AHay — TetAASR]/RTerr VS 1RTes. Lines and symbols are obtained from using the entropy-corrected extended kinetic
method.

TABLE 2: Experimental and Theoretical Values for

Canavanine and Canaline ?
experimental results J
PAopr AS ASopr J
molecule  PA (kJ/mol) (kJ/mol) (ImoltK=1) (IJmoltK™1)
1 1005 100k 9 —48 —39+21 ? Q
3 949 950+ 7 —16 —194+12 9 4
theoretical results J 2J d
molecule PAaw PAse ]
J

1 1014 1015
3 960 961 b
a
a : . , , -
refefﬁlggmed from isodesmic reaction with ethylenediamine as a Figure 3. Lowest-energy structure of (a) neutral canavanine and (b)

) ) ] o protonated canavanine obtained at the B3LYP/6-G1 level of theory.
K~1). The Monte Carlo simulation gives uncertainties at the

95% confidence level of:9 kJ moi™ for the proton affinity and S2 of Supporting Information. The side chain of canavanine
and £21 J mof?t K1 for the protonation entropy. A plot of  has two low energy forms;O—N=C(NH,), and—O—NH—
the data for Figure 1 with the ODR-derived best fit lines is C(NH;)=NH. Both structures were investigated, and the lowest-
shown as Figure S1 of Supporting Information. This plot shows energy structure with the-O—N=C(NHy), form (Figure 3a)
the isothermal point with ar-coordinate of 13.6 kJ/mol and a  was found to be approximately 34 kJ/mol lower in energy than
y-coordinate of 4.6 J mol K=1 as compared to 16.9 kJ/mol the lowest conformer with the-O—NH—C(NH,)=NH side
and—5.8 J mof! K~ from the traditional method. chain. The lowest-energy structure for neutral canavanine is
A theoretical value for the proton affinity of canavanine was relatively extended (Figure 3a) and does not show extensive
obtained using hybrid density functional theory calculations at intramolecular hydrogen bonding.
the B3LYP/6-31#+G**//B3LYP/6-31+G* level. A confor- Similar calculations were performed for the various proto-
mational search for neutral canavanine was performed in nated forms of canavanine. Protons were added at two different
PCModel using the GMMX algorithm in which a total of 50 000 sites on the molecule: the amino terminal group and the side
conformations were investigated. The lowest 20 structures werechain. Total electronic energies were obtained for 24 of the
then optimized at RHF/3-21G to give a total of nine distinct protonated canavanine structures, and vibrational frequencies
structures. These nine structures were further optimized usingwere found for 12 of the lowest-energy conformers. The lowest-
the B3LYP/3-21G and B3LYP/6-3#G* levels of theory. The energy structure for protonated canavanine (Figure 3b) has
total electronic energies for these nine neutral canavaninesignificant hydrogen bonding between the side chaiNI)
structures were ultimately obtained from B3LYP/6-31tG** and the backbone amino group. Although this interaction is
single-point calculations at the B3LYP/6-8G* geometries. significant, with a hydrogen bond length of 1.7A, the hydrogen
Vibrational frequencies for three of the lowest energy structures is formally on the side chain, indicating that this is the more
were then calculated at the B3LYP/6-BG* level. Predictions basic site for canavanine in the gas phase in contrast to solution.
for the enthalpy at 298 K are obtained from the ZPE and thermal The lowest energy structure with the proton residing formally
corrections to the total electronic energy. Electronic energies, on the backbone amino group is ca. 20 kJ/mol higher in energy.
ZPEs, thermal corrections, and enthalpies at 298 K for all low Additional stabilization for the lowest-energy structure is given
energy conformers df, 1H, 3, and3H are listed in Tables S1 by a weaker (H-bond lengtk 2.3 A) interaction between a
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Figure 4. Plot of In(BH/3H™) vs AHg, — AHay Lines and symbols obtained from activation amplitudes 15% (squares), 35% (diamonds), and
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hydrogen on the end of the side chaiaNH) and the carbonyl  for the kinetic method analysis. The following reference bases,
oxygen atom. The fact that the protonated form has a high with PAyg= 941.7 kd/mol, were used: cyclohexylamine, exo-
degree of intramolecular hydrogen bonding, whereas the neutral2-aminonorbornane, 3-picoline, 4-picoline, and pyrrolidine.
form is more extended indicates that canavanine should have aProton affinity values and entropies of protonation for these
large negative entropy of protonation, in agreement with the compounds are listed in Table 1. Figures 4 and 5 show kinetic
experimental results. method plots 1 and 2, respectively, for canaline. itercepts

A theoretical proton affinity for canavanine of 1014 kJ/mol of each of the best fit lines in Figure 4 gives a range of apparent
(Table 2) was determined from reaction 1, somewhat higher basicities of 942943 kJ/mol. From Figure 5, the proton affinity
than the experimentally determined value. The uncertainty of was determined by adding the slope of the best-fit line, 7.0 kJ/
this value is not rigorously defined but is no smaller thiat0 mol, to AHayg,941.7 kd/mol to give a PA of 948.7 kJ/mol. The
kd/mol. Given the relatively large error limits of the experi- intercept in Figure 5 is—1.9, which gives an entropy of
mentally derived value, 100% 9 kJ/mol, there is significant  dissociation of~16 eu. The ODR work up gives similar values,
overlap between the error limits of the experimental and PA = 949.5+ 7 kJ/mol andAS = —19 &+ 12 J mof! K1,
theoretical proton affinities. However, the agreement between with the uncertainties at the 95% confidence level obtained from
theory and experiment is much poorer than for other amino acidsthe Monte Carlo procedure.
that we have measured in our laboratéty® In previous Theoretical predictions for the proton affinity of canaline were
studies, the deviation between experiment and B3LYP/6- also obtained using hybrid density functional theory calculations.
311++G**//B3LYP/6-31+G* theoretical proton affinities was  The geometry of neutral canaline and its protonated forms were
typically less than 8 kJ/mol and in most cases less than 4 kJ/first optimized using PCModel. Protons were added at two
mol. For comparison, we ran similar calculations on arginine different sites on the molecule, the backbone amino group and
and protonated arginine and derived a PA of 1057 kJ/mol, in the side chain amino group. Total electronic energies for 10
better agreement with the experimental value of 1051 kJ#fol. neutral and 20 protonated canaline structures were ultimately
Given that entropic effects in this system are large, it may be obtained from B3LYP/6-31t+G** single-point calculations
that the experimental value for the proton affinity is slightly at B3LYP/6-31-G* geometries. Vibrational frequencies were
underestimated. calculated for three of the lowest-energy neutral structures and

Nevertheless, the effect of oxygen atom substitution on the five of the lowest-energy protonated structures. The lowest-
proton affinity of canavanine as compared to arginine is very energy structure of neutral canaline (Figure 6a) is somewhat
large, between 40 and 50 kJ/mol. In solution, this substitution cyclic with a weak interaction (H-bong 2.2 A) between the
results in a g, change of 5 units. In fact, the side chain of two amino groups. Upon protonation, the hydrogen bond
canavanine is uncharged at physiological pH. Canavanine isstrengthens considerably (Figure 6b) with the hydrogen bond
often used as a site-specific mutagen to test for ionic interactionsshortening to 1.7 A. As with canavanine, the proton is not
of specific arginine residues. In addition, canavanine has beenequally shared in the hydrogen bond and the backbone amino
shown to be a potent inhibitor or arginine-utilizing enzyrffes.  group was determined to be the more basic site. The lowest-
Misincorporation of canavanine into proteins has been shown energy structure with the proton localized on the side-chain
to cause loss of function due to the loss of salt bridges and amino group is nearly 50 kJ/mol higher in energy than the
other stabilizing ionic interactiorf§:**These results suggest that  |owest-energy conformer. This makes sense due to the electron-
similar oxygen atom substitutions in the metabolites of cana- withdrawing nature of the substituted oxygen atom. From
vanine should result in a significant decrease in basicity and reaction 1, a theoretical proton affinity for canaline was
possibly in similar toxicity. determined to be 960 kJ/mol, again slightly larger than our

Canaline. The proton affinity of canaline was determined in  experimental value of 950 kJ/mol but well within the combined
a fashion similar to that of arginine. Instead of scanning, three error bars. The derived entropy term from the kinetic method
different activation amplitudes (15, 35, and 50%) were used experiments is smaller for canaline than for canavanine, and if
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respect to methylamine. The substitution has less of an effect
in the proton affinity of methoxylamine vs ethylaminARA

~ 70 kJ/mol). One would expect the basicity difference to
continue to diminish as the length of the R group bound to the
oxygen atom increases, as is seen in canaline.

Conclusions

The proton affinities for canavanine and canaline have been
determined using the extended kinetic method in a quadrupole
9 ion trap mass spectrometer. Proton affinities of 16809 and

- b 950 + 7 kJ/mol were determined fdr and 3, respectively. In
i ) addition, predictions for the protonation entropy for these species
Figure 6. Lowest-energy structure of (2) neutral canaline and (b) \\ere determined and were found to be large enough to be treated
protonated canaline obtained at the B3LYP/6+&* level of theory. as lower limits. The agreement between the experimental proton
entropy effects are leading to an underestimation of the derived gfeﬁr?slﬁly\ﬁlrtlj;iigglt?hi%f;f:i‘c?;; ?ilg:::r;o%ecrfr::\t/?;\%ifrzgr?s hs%brgcei-
proton ?ﬁmlty’ the gffect should be smaller.. L ., what poorer than for other amino acids previously studied in

A,S with canavanine, oxygen atom su.b.stltunon in the side ;|4 under similar conditions. This could be due to entropic

chain leads to a decrease in proton affinity of more than 40 oets or simply due to statistical factors. Ultimately, substitu-

"J’”.‘O! frc_)m _o_rnithine (PA= 998'1 k_J/moI). Again, the side tion of an oxygen into the side chain of these amino acids causes
chain is significantly less basic than in ornithine and should be a decrease in proton affinity of 460 kJ/mol.

uncharged at physiological pH. Canaline has been shown to be
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