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Abstract

The addition of salts, specifically sodium perchlorate (Nagi/@® mobile phases at acidic pH as ion-pairing reagents for reversed-phase
high-performance liquid chromatography (RP-HPLC) has been generally overlooked. To demonstrate the potential,cdd\NaCéiective
anionic ion-pairing reagent, we applied RP-HPLC in the presence of 0-100 mM sodium chloride (NaCl), sodium trifluoroacetate (NaTFA)
or NaClQ, to two mixtures of synthetic 18-residue peptides: a mixture of peptides with the same net positive charge (+4) and a mixture of
four peptides of +1, +2, +3 and +4 net charge. Interestingly, the effect of increasing Ne@i€entration on increasing peptide retention
times and selectivity changes was more dramatic than that of either NaCl or NaTFA, with the order of increasing anion effectiveness being
Cl- « TFA~ <CIO,~. Such effects were more marked when salt addition was applied to eluents containing 10 mM phosphorigPagid (H
compared to 10 mM trifluoroacetic acid (TFA) due to the lesser starting anion hydrophobicity of the former mobile phase (containing the
phosphate ion) compared to the latter (containing the TieA).
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction TFA remains the dominant hydrophobic ion-pairing
reagent for peptide separatiofiz-4], although more hy-
Peptides are charged molecules at most pH values, with ba-drophilic or hydrophobic reagents such as phosphoric acid
sic (positively charged) character dominating at low pH, due [1-10] and heptafluorobutyric acid (HFBAJL,2,4,11-15]
to protonation of any potentially negatively charged acidic respectively, are also employed for specific peptide applica-
side-chains. Differences in the hydrophilicity/hydrophobicity tions. However, we believe that the value of addition of salts
of peptides at acidic pH can be maximized through vari- to mobile phases at acidic pH as ion-pairing reagents has been
ations in the choice of anionic ion-pairing reagent, e.g., generally overlookedinrecentyears. Addition of salts (gener-
phosphoric acid and trifluoroacetic acid (TFA), where the ally 50-100 mM) to mobile phases over a pH rangke-7 has
resolving power of the corresponding counterions (phos- generally been designed, for silica-based packings, to sup-
phate and trifluoroacetate, respectively) during reversed-press negatively charged silanol interactions with positively
phase high-performance liquid chromatography (RP-HPLC) charged solute®,4,16—24] with potential selectivity effects
is effected through interaction with the positively charged tending to be a secondary consideration. However, our labo-
(basic) residues of the peptifie-4]. The observed effecton  ratory has already demonstrated how salt (specifically sodium
peptide retention time during RP-HPLC depends on the hy- perchlorate) addition often offers gains in peptide selectivity
drophobicity of the anionic counterion as well as the number at low pH [25] and now wished to investigate the potential
of positively charged groups in the peptidg. of sodium perchlorate, as well as other salts, as anionic ion-
pairing reagents at low pH. Thus, we applied RP-HPLC in
* Corresponding author. Tel.: +1 303 724 3253; fax: +1 303 724 3249,  the presence of 0-100 mM sodium chloride (NaCl), sodium
E-mail addressRobert.hodges@uchsc.edu (R.S. Hodges). trifluoroacetate (NaTFA) or sodium perchlorate (Nag)@
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two mixtures of model 18-residue peptides, one mixture con-
taining six peptides with the same net positive charge (+4)
and the other containing four peptides with varying net charge
(+1, +2, +3, +4). We believe that these, and continuing, stud-
ies will add further to our knowledge of the best approaches
to effective separation of complex peptide mixtures.

2. Experimental
2.1. Materials

Reagent-grade phosphoric acidsf0,;) was obtained
from Caledon Laboratories (Georgetown, Ontario, Canada).
TFA was obtained from Hydrocarbon Products (River Edge,
NJ, USA); NaCl, NaTFA, and NaClpwere obtained from
Sigma—Aldrich (St. Louis, MO, USA). HPLC-grade water
was obtained from EMD Chemical (Gibbstown, NJ, USA).
HPLC-grade acetonitrile was obtained from EM Science
(Gibbstown, NJ, USA).

2.2. Column and HPLC conditions

Analytical RP-HPLC runs were carried out on a Zor-
bax SB300-@ column (150 mnmx 2.1 mm I.D.; S5um par-
ticle size, 30GA pore size) from Agilent Technologies (Little
Falls, DE, USA), using a linear AB gradient (0.5% acetoni-
trile/min) at a flow-rate of 0.3 ml/min, where eluent A was
10mM ag. POy or 10 mM ag. TFA and eluent B was 50%
ag. acetonitrile containing 10 mM3R0O, or 10 mM TFA, re-
spectively, and both eluents also containing 0, 5, 10, 25, 50
or 100 mM, NaCl, NaTFA or NaCl@ runs were carried out
at 25°C.

2.3. Instrumentation

RP-HPLC runs were carried out on an Agilent 1100 Series
liquid chromatograph.

Peptide synthesis was carried out on an Applied Biosys-
tems Peptide synthesizer Model 430A (Foster City, CA,
USA).
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2.4. Peptide synthesis and purification

Peptide synthesis was carried out by standard solid-phase
synthesis methodology using*-tert-butyloxycarbonyl {-
Boc) chemistry on MBHA (methylbenzhydrylamine) resin
(0.97 mmol/g) as described previou$B6]. The crude pep-
tides were purified by preparative RP-HPLC on an Applied
Biosystems 400 solvent-delivery system connected to a 783A
programmable absorbance detector. Amino acid analyses of
purified peptides were carried out on a Beckman Model 6300
amino acid analyzer (Beckman Instruments, Fullerton, CA,
USA) and the correct primary ion molecular masses of pep-
tides were confirmed by mass spectrometry on a Mariner
Biospectrometry Workstation (Applied Biosystems, Foster
City, CA, USA).

3. Results and discussion
3.1. Design of synthetic model peptides

We have designed and synthesized two groups of model
peptides exhibiting variations in hydrophobicity and/or net
positive charge. Fromable 1 peptides 1-6 represent a group
of six peptides with the same net charge (+4, due to the
presence of four lysine residues). Within these peptides, hy-
drophobicity decreases only subtly between each adjacent
peptide (peptidé® <5<4<3<2<1) due tgust single sub-
stitutions of glutamine in place of glutamic acid, i.e., be-
tween each adjacent peptide, there is a single carboxyl group
to amide group substitution. Peptides 6-9 represent a group
of four peptides varying in net positive charge through the
presence of four lysine residues (peptide 6; +4), three ly-
sine residues (peptide 7; +3), two lysine residues (peptide
8; +2) or one lysine residue (peptide 9; +1). The presence of
five glycine residues located throughout the sequence ensured
negligible secondary structure for these pept[@&<28] i.e.,
they have a “random coil” conformation, to avoid complica-
tions in data interpretation due to selectivity differences in
peptide RP-HPLC retention behaviour arising from confor-
mational variation$10,29]

Table 1

Sequences of peptides used in this study

Peptides Sequente Number of positive charges
1 Ac-KLKKGGLKGELGGEELEE-amide 4
2 Ac-KLKKGGLKGELGGEELEQ-amide 4
3 Ac-KLKKGGLKGELGGEELQQ-amide 4
4 Ac-KLKKGGLKGELGGEQLQQ-amide 4
5 Ac-KLKKGGLKGELGGQQLQQ-amide 4
6 Ac-KLKKGGLKGQLGGQQLQQ-amide 4
7 Ac-KLKKGGLAGELGGEELEE-amide 3
8 Ac-KLKAGGLAGELGGEELEE-amide 2
9 Ac-KLAAGGLAGELGGEELEE-amide 1

2 Ac denotes\*-acetyl and amide denot&s-amide; the changes in the sequence compared to peptide 1 are shown in bold.
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Table 2
Effect of sodium perchlorate concentration in 10 mM phosphoric acid
Peptidé  Retention time (mirf) 5mM 10 mM 25mM 50 mM 100mM

OmM 5mM 10mM 25mM 50mM 100mM AtS AtUN? At AN At At/N At AN At AtN

6 (+4) 2655 3290 35.25 41.00 41.58 42.14 6.35 1.59 8.70 2.17 4514361 1303 3.76 1%9 3.90
5 (+4) 27.85 34.41 36.81 42.64 43.19 43.72 6.56 1.64 8.96 2.24.79143.70 1534 3.84 1587 3.97
4 (+4) 28.82 35.39 37.79 43.60 44.12 44.62 6.58 1.64 8.97 2.24.78143.69 1530 3.83 1580 3.95
3(+4) 29.85 36.49 38.91 44.73 45.23 45.71 6.65 1.66 9.06 2.27.88143.72 1539 3.85 1586 3.96
2 (+4) 30.80 37.51 39.93 45.75 46.22 46.67 6.71 1.68 9.13 2.28.95143.74 142 3.86 1587 3.97
1(+4) 31.71 38.33 40.74 46.52 46.98 47.40 6.62 1.66 9.04 2.26.82143.70 157 3.82 1%9 3.92

Average 6.58 1.64 898 224 I8 369 129 382 158 3.94

1(+4) 3156 38.41 40.75 44.69 46.73 46.96 6.86 1.71 9.20 2.30.13133.28 1517 3.79 1540 3.85
7 (+3) 37.08 42.38 44.07 47.14 48.74 48.71 530 1.77 6.99 2.33.06103.35 1166 3.89 1163 3.88
8 (+2) 42.18 45.51 46.47 48.68 49.94 49.73 3.33 1.67 430 2.15.50 63.25 777 3.88 756 3.78
9 (+1) 46.72 48.12 48.42 49.83 50.78 50.42 1.40 1.40 1.71 1.71.11 3311 407 4.07 370 3.70

Average 1.64 2.12 3.25 3.91 3.80

a peptide sequences showriTiable 1

b RP-HPLC conditions, see Sectiar2.

¢ At=tg of peptide at a particular NaCkoncentration minug in the absence of salt.
4 N=number of positively charged residues in peptide.

3.2. Effect of salts on RP-HPLC retention behaviour of modifier [32—34] In addition, the historical use of sodium
peptides with identical net positive charge perchlorate as an anionic, hydrophilic ion-pairing reagent
[35] has been generally superceded in recent years by its em-
Tables 2—4(top panels) present retention time data ob- ployment solely to suppress non-specific ionic interactions
tained from the effect on retention times of peptides 1-6 between positively charged peptide groups and any nega-
(+4 net charge) of the addition of NaC{@Table 2, NaTFA tively charged free silanolsin silica-based reversed-phase ma-
(Table 3 or NaCl (Table 4, over a concentration range of trices, particularly at neutral pf2,4,16,18,22,24]We have
5-100 mM, to a mobile phase containing 10 mMRD;. previously shown that the addition of sodium perchlorate at
Thus, with no salt present, the sole anionic counterion is the a fixed and high (100 mM) concentration produces useful se-
hydrophilic phosphate anion. The use of Nagli@ these lectivity effects for peptide separations at low [itdl]. The
studies was prompted by a number of considerations, includ-present study now reexamines the potential worth of the per-
ing common use as a reagent in RP-HPLC at both neutralchlorate anion as an ion-pairing reagent in comparison with
[16,18,22]and acidid8,16,25,30,31pH values to improve  the commonly utilized TFA anion when added to the mo-
peak shape and its high solubility in aqueous acetonitrile elu- bile phase as sodium salts. The addition of NaTFA to the
ents, even at relatively high concentrations of this organic mobile phase reflects the dominance of the trifluoroacetate

Table 3
Effect of sodium trifluoroacetate concentration in 10 mM phosphoric acid
Peptid@  Retention time (mird) 5mM 10mM 25mM 50 mM 100mM

OmM 5mM 10mM 25mM 50mM 100mM AtS AtUNY At AN At AN At AN At AtN

6 (+4) 26.55 30.95 33.09 35.70 37.89 39.47 440 1.10 6.54 163 9.15 2293411283 1202 3.23
5 (+4) 27.85 3236 34.54 37.19 39.40 41.03 451 1.13 6.69 167 9.34 2335511289 1318 3.29
4 (+4) 28.82 33.29 3547 38.10 40.30 41.90 447 112 6.65 166 9.28 23248 112.87 1308 3.27
3 (+4) 29.85 34.30 36.50 39.13 41.33 42.95 446 111 6.65 166 9.28 23249 11287 1310 3.28
2 (+4) 30.80 3522 3743 40.07 42.27 43.89 442 111 6.63 166 9.27 23247 11287 1309 3.27
1(+4) 31.71 3588 38.07 40.71 42.90 4451 418 1.04 6.37 159 9.01 2252011280 1280 3.20

Average 441 110 659 165 922 231 42 285 1303 3.26

1(+4) 3156 3580 3791 40.76 42.77 44.43 424 1.06 6.35 159 9.21 23021 11280 1288 3.22
7 (+3) 37.08 40.28 41.87 44.04 45.60 46.88 3.20 1.07 479 160 6.96 23252 82.84 980 3.27
8 (+2) 42.18 43.94 4497 46.43 47.57 48.54 1.77 0.88 279 140 425 21340 52.70 637 3.18
9 (+1) 46.72 47.12 47.63 48.44 49.17 49.85 041 041 092 092 172 17245 22.45 313 3.3

Average 0.85 1.37 2.12 2.70 3.20

a peptide sequences showriTiable 1

b RP-HPLC conditions, see Secti@r2

¢ At=tg of peptide at a particular NaTFA concentration mitgén the absence of salt.
d N=number of positively charged residues in peptide.
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Table 4
Effect of sodium chloride concentration in 10 mM phosphoric acid
Peptidé  Retention time (mird) 5mM 10mM 25mM 50 mM 100mM

OmM 5mM 10mM 25mM 50mM 100mM At° AUNG At AN At AN At AN At AtN

6 (+4) 26.55 27.60 28.48 29.65 30.53 31.49 .081 026 193 048 3.10 0.78 398 099 494 1.23
5 (+4) 27.85 28.96 29.89 31.13 32.04 33.00 An 028 204 051 328 082 419 105 515 1.29
4 (+4) 28.82 29.93 30.86 32.08 33.00 33.93 A1 028 204 051 326 081 418 104 511 1.28
3 (+4) 29.85 30.95 31.91 33.14 34.08 35.01 1a 027 206 052 330 082 424 106 516 1.29
2 (+4) 30.80 31.89 32.88 34.14 35.11 36.03 .0a 027 208 052 334 083 431 108 523 131
1(+4) 31.71 32.60 33.59 34.83 35.82 36.72 8D 022 189 047 313 0.78 411 103 501 125

Average 106 026 201 050 323 081 417 104 510 1.28

1(+4) 3156 32.44 33.08 34.36 35.39 36.44 .88 022 152 038 281 070 384 096 4.88 1.22
7 (+3) 37.08 37.89 38.33 39.24 39.98 40.78 .80 027 125 042 216 0.72 290 097 370 1.23
8 (+2) 42.18 4252 42.75 43.24 43.68 44.23 39 017 058 029 1.07 053 151 075 205 1.03
9 (+1) 46.72 46.63 46.65 46.79 46.96 47.26 -0.09 -0.09 -006 -0.06 0.07 0.07 024 024 054 054

Average 014 026 0.51 0.73 1.00

a peptide sequences showriTiable 1

b RP-HPLC conditions, see Sectiar2.

¢ At=tg of peptide at a particular NaCl concentration mityién the absence of salt.
d N=number of positively charged residues in peptide.

ion (TFA™) as the continuing anionic, hydrophobic counte- i.e., a normalization of the retention time data relative to
rion of choice for peptide separations in RP-HPLC. Finally, those obtained in just 10mM 34R0y. The relative effec-
the addition of NaCl represents a useful standard salt, with tiveness of the salts on increasing peptide retention time
the chloride ion (Ct) providing a comparison to perchlorate are NaCk< NaTFA <NaClQ,. This greater effectiveness of
(ClO47) and the more hydrophobic TFAanion. All three NaClOs compared to NaTFA is a particularly interesting ob-
salts are sodium salts to assure any effects of the salts on pepservation when one considers that the TFeounterion is
tide retention behaviour may be assigned solely to the anionicmore hydrophobic than CIJ, generally considered a rela-
counterion. tively hydrophilic counterion, i.e., these results suggest that
From Tables 2—4it is clear that all three salts produce NaClQy is a more effective ion-pairing reagent than NaTFA,
an increase in peptide retention time with increasing salt despite such a ranking of counterion hydrophobicity. For
concentration, albeit to differing extents. These differences each salt, the effects of increasing concentration are essen-
are clearly shown irFig. 1 (left panel) which shows the ef- tially identical for these six peptides (all +4 net charge),
fect of varying salt concentration on the retention time of i.e., assuming the observed effects are due to ion-pairing of
peptides 1-6 relative to these values in the absence of saltthe negatively charged salt anions with the four positively
charged lysine residues in the peptides, the effect per posi-
10 mM Phosphoric acid | TG mMTEA " tively charged residue is the same. The @n, being the
NaCIO, most hydrophilic, likely exerts its effect through neutraliza-
T 1 tion of the positively charged lysine residues, thus decreasing
the overall hydrophilicity of the peptides and resulting in in-
’ creased retention times, i.e., there is no further enhancement
of peptide retention time beyond that of simple neutralization
of their positively charged character. In contrast, the TFA
ion not only neutralizes the positive charges on the peptides
but its more hydrophobic nature, relative toCllso en-
hances the hydrophobic character of the peptides, with con-
5 , , , , , , , , , , comitant considerable increases in retention times relative to
0 20 40 60 80 1000 20 40 60 80 100 NaCl addition. Following the initial rapid increase in peptide
Concentration of Sodium Salt (mM)  Concentration of Sodium Salt (mM) . . . - .
retention times at lower salt concentrations, this increase in
Fig. 1. Effect of salt concentration on RP-HPLC of six model peptides with '€tention time decreases gradually with increasing salt con-
the same net positive charge (+4) relative to that obtained in the absence ofcentration until a plateau is effectively reached between 30
salt. Conditions: linear AB gradient (0.5% acetonitrile/min) at a flow-rate of and 50 mM salt, indicating increasing saturation of the four
géi?zménﬁt‘;viiﬁ:il:ﬁnt?(;Nnim;g i‘l’;‘f’te";‘:‘ztl)Bo";’afOE—’n?:ﬁ fﬁ:- Aa‘zﬁtoh':i"”e' lysine residues in the peptides by high concentrations of salt
panel) and both eluentg also containing 5,p10, 25,50 mM or 100 m|\§/’| NaCl, amons',ln a previous Stu,@A']’ ,It was noted that an 'n'
NaTFA or NaClQ: runs were carried out at 2&. The sequences of the ~ C€a@se in TFA concentration of just 44 mM (6-50 mM) in a
peptides (peptides 1-6) are showrTable 1 solely acidic mobile phase increased retention times of pos-

20

1510

101

Change in Retention Time (min)
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Table 5
Effect of sodium perchlorate concentration in 10 mM TFA on peptide retention behaviour
Peptidé  Retention time (mirP) 5mM 10mM 25mM 50 mM 100mM

OmM 5mM 10mM 25mM 50mM 100mM AtC AUNY At AN At AN At AN At AtN

6 (+4) 3457 3522 3641 39.32 41.04 42.17 0.65 0.16 183 046 475 119 647 162 7.60 1.90
5 (+4) 36.06 36.72 37.91 40.90 42.64 43.76 0.67 0.17 185 046 484 121 658 164 7.70 1.93
4 (+4) 37.01 37.67 38.84 41.84 43.56 44.66 0.66 0.17 184 046 483 121 655 164 765 1091
3 (+4) 38.07 38.74 39.92 42.94 44.65 45.74 0.67 0.17 185 046 487 122 658 164 7.67 192
2 (+4) 39.06 39.72 40.89 43.94 45.60 46.67 0.66 0.16 183 046 488 122 654 164 761 190
1(+4) 39.84 40.50 41.66 44.72 46.26 47.31 0.65 0.16 182 045 487 122 642 160 747 1.87

Average 0.66 0.17 184 046 484 121 652 163 762 190

a peptide sequences showrTiable 1

b RP-HPLC conditions, see Secti@r

¢ At=tg of peptide at a particular salt concentration mitwi the absence of salt.
4 N=number of positively charged residues in peptide.

itively charged peptides to a similar extent as the addition of may lie in the strong chaotropic properties of the gt@nion
100mM NaClQ to 20mM HPOy. Thus, in this previous  which competes less effectively for nearby water molecules
study, two very different mobile phase systems were being than does bulk water and is therefore dehydrated much more
compared, i.e., an increase in acid concentration (TFA) ver- readily than ions such as Clwhich is approximately neu-
sus the addition of a substantial amount of salt (NafL kO tral on the Hofmeister scale (i.e., neither a kosmotrope nor a
a different acidic mobile phase (20 mMsPIOy). The present  chaotrope)36] and TFA™. Strong ion-pairing reactions re-
study represents a step-by-step comparison of the effect ofquire the exclusion of water molecules from the interaction
varying concentrations of sodium salts of anions of interest between the positively and negatively charged species, i.e.,
in the same acidic mobile phase (10 MMR0, or 10mM the anions used in the present study must be dehydrated to
TFA) for a more exact and valid comparison of relative anion form the ion-pair with the lysine residues of the peptides.
effectiveness for peptide separations. Note that the results ofA much more readily dehydrated CJO anion compared to
the previous study24] can be readily understood based on TFA~ could explain the greater effectiveness of Nagi@s
the results summarized ig. 1, which clearly show thatthe  an jon-pairing reagent over that of TFAeven though TFA
effectiveness of any added anion is dependent on the type ands hydrophobic, i.e., the hydrophilic CKO anion is more ef-
concentration of the anion in the buffer (the latter represent- ficient than TFA™ at ion-pairing with the positively charged
ing starting conditions prior to the addition of the selected groups in the peptides.
anion). In addition, pH affects the concentration of the an-  Tables 5-7now show the effect of increasing salt con-
ion in the buffer and temperature affects the efficiency of centration on the retention times of peptides 1-6 following
ion-pair formation (the relevant results in the previous study addition of up to 100 mM NaClliable 5§, NaTFA (Table § or
[24] were obtained at 65C, whilst those of the present study NaClQ, (Table 7 to 10 mM TFA. FromFig. 1 (right panel),
were obtained at 28C). Thus, all these variables must be the order of counterion effectiveness on peptide retention time
taken into consideration in understanding the final outcome is identical to that obtained with 10 mM3RQy (Fig. 1, left
and in making comparisons with other results. panel), i.e., Ct « TFA~ <CIO4~. However, the magnitude
An explanation for the observation that NaGI8 more of the effect was now less with this 10 mM TFA mobile phase
effective than NaTFA in enhancing peptide hydrophobicity system. Indeed, there was an initial significant decline in pep-

Table 6
Effect of sodium trifluoroacetate concentration in 10 mM TFA on peptide retention behaviour
Peptid@ Retention time (mirP) 5mM 10mM 25mM 50 mM 100mM

OmM 5mM 10mM 25mM 50mM 100mM At® AUNG At AN At AN At AN At AtN

6 (+4) 3457 3459 35.35 36.98 38.33 39.61 .00 o000 077 019 241 060 376 094 503 126
5 (+4) 36.06 36.06 36.84 38.50 39.87 41.22 .0 000 078 019 244 061 381 095 516 1.29
4 (+4) 37.01 37.00 37.77 39.41 40.77 42.12 -0.01 000 0.76 019 241 060 376 094 512 1.28
3 (+4) 38.07 38.04 38.83 40.47 41.82 43.20 -003 -001 076 019 240 060 375 094 513 128
2 (+4) 39.06 38.97 39.79 41.44 42.79 4418 -0.09 -002 073 0.18 238 059 373 093 512 128
1(+4) 39.84 39.66 40.56 42.17 43.50 4488 -019 -005 071 018 233 058 366 091 504 126

Average -005 -001 075 019 239 060 374 094 510 1.27

a peptide sequences showriTiable 1

b RP-HPLC conditions, see Secti@r2

¢ At=tg of peptide at a particular salt concentration mitwi the absence of salt.
4 N=number of positively charged residues in peptide.
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Table 7
Effect of sodium chloride concentration in 10 mM TFA on peptide retention behaviour
Peptidé Retention time (mir) 5mM 10mM 25mM 50 mM 100mM

OmM 5mM 10mM 25mM 50mM 100mM At¢ AYNG At AN At AtIN At AN At AN

6 (+4) 3457 34.06 3242 3130 31.34 3219 -0.52 -0.13 -215 -054 -328 -0.82 -324 -081 -239 -0.60
5 (+4) 36.06 3559 3387 32.7v3 3279 3377 -047 -0.12 -2.19 -0.55 -3.33 -0.83 -3.27 -0.82 -229 -0.57
4 (+4) 37.01 36.56 34.79 33.63 3368 3474 -045 -0.11 -222 -055 -338 -0.85 -3.33 -0.83 -227 -057
3 (+4) 38.07 37.64 3583 34.64 3470 3587 -043 -0.11 -225 -0.56 -3.43 -0.86 -3.37 -0.84 -220 -0.55
2 (+4) 39.06 38.63 36.77 3558 3565 36.92 -043 -0.11 -229 -057 -348 -0.87 -341 -085 -214 -0.54
1(+4) 39.84 3930 3742 36.22 36.30 37.62 -0.54 -0.13 -242 -0.61 -3.63 -091 -355 -0.89 -222 -0.56

Average -0.47 -0.12 -225 -056 -342 -0.86 -3.36 -0.84 -225 -0.56

a peptide sequences showriTiable 1

b RP-HPLC conditions, see Sectiar2.

¢ At=tg of peptide at a particular salt concentration mitiiin the absence of salt.
4 N=number of positively charged residues in peptide.

tide retention times with increasing NaCl concentration of the the effective relative hydrophobicities of the peptides in the
six peptides relative to those obtained in its absence. As notedstarting 10 mM TFA mobile phase are already significantly
previously, the Ct ionis considerably more hydrophilicthan  greater than those observed in the starting 10 mpP®}
TFA~, offering an explanation for this observed behaviour. system.

Thus, with the increasing addition of NaCl to the 10 mM

TFA mobile phase, with subsequent increasing displacement3.3. Effect of salts on RP-HPLC retention behaviour of

of hydrophobic TFA anions with Ct, the overall effective  peptides with varying net positive charge

hydrophobicity of the peptides will be reduced and, hence,

retention times will decrease. Note that, in the 10 mjpPEy Tables 2—4bottom panels) present retention time data ob-
system, the Cl ion was displacing the even more hydrophilic tained from the effect on retention times of peptides 1, 7, 8 and
phosphate ion; hence theimmediate rise in retention time with 9 (+4, +3, +2 and +1 net charge, respectively) on the addition
NaCl addition. In the case of NaCi@nd NaTFA, increas-  of NaClQy (Table 9, NaTFA (Table 3 or NaCl (Table 4 over

ing CIO4~ or TFA™ concentration is enhancing the overall a concentration range of 5-100 mM to a mobile phase con-
hydrophobicity of the peptides relative to their behaviour in taining 10 mM HPOy. FromFig. 2 there is again an increase
the absence of salt, albeit to a lesser degree than seen previn peptide retention, over that obtained in the absence of salt
ously for the 10 mM HPOy results Fig. 1, left panel), since  with increasing salt concentration, in a similar manner to the

10 mM Phosphoric Acid

20 T T T T T T T T T T T T T T T

—_
(&)

-
o

(&)

+4

+3
+2
+1

Change in Retention Time (min)

=

5 L 1 L L L ! 1 1 1 1 L L L L L
0 20 40 60 80 100 0 20 40 60 80 100 O 20 40 60 80 100
Concentration of Sodium Perchlorate (mM) Concentration of Sodium Trifluoroacetate (mM) Concentration of Sodium Chloride (mM)

Fig. 2. Effect of salt concentration on RP-HPLC of four model peptides with varying net positive charge (+1, +2, +3, +4) relative to that obtaiabdénthe
of salt. Conditions: same &3g. 2for the 10 mM HPO, system. The sequences of the peptides (peptides 1, 7, 8 and 9) are shabteit
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results observed iRig. 1for peptides 1-6. However, itis clear +3
that, for a given salt, the magnitude of this increase is depen- 25 mM NaClo, +2

+
dentupon the number of positive charges (lysine residues) the o 1

peptide contains. Thus, for all three salts, the magnitude of

the change in peptide retention time with increasing salt con-

centration relative to the absence of saltis in the order peptide

9 (+1 net charge) < peptide 8 (+2) < peptide 7 (+3) < peptide
1 (+4). Again, when one assumes an ion-pairing effect, this
effect should be greater the more positively charged residues
are available to inte_ract vv_it_h the salt a_nions, as observed. 25 mM NaTFA +4
Support for such an ion-pairing mechanism for the observed

results, rather than a simple induction of hydrophobic inter-
actions with the reversed-phase packing with increasing salt
concentration, also lies with the above order of the magnitude
of changes in peptide retention time with increasing salt con-
centrations: peptid®@ <8<7<1,i.e., in order of decreasing
peptide hydrophobicityTables 2-% If an induction of the
hydrophobic effect was responsible for the observed results,
rather than ion-pairing effects, the reverse order may have
been expected, i.e., with increasing salt concentration having
the greatest effect on the most hydrophobic peptide (peptide
9) and the least effect on the most hydrophilic peptide (pep-
tide 1).

FromFig. 2, the relative efficacy of the three salts in in-
creasing peptide retention time is again clearly in the order
NaCl« NaTFA < NaCIQ for each of the four peptides in the )
mixture. Indeed, the essentially negligible effect of increas-
ing NaCl concentration on the retention behaviour of peptide 1 0mM Salt
9 (+1), the most hydrophobic of the four peptides, also sup- +4 *+3 +2
ports anion-pairing mechanism for the observed results rather
than hydrophobic induction with increasing salt concentra-
tion. Fig. 3presents a visualization of the result of relative ef-
fectiveness of the three salts in enhancing interaction of pep-
tides 1, 7, 8 and 9 with the reversed-phase column. The elution
profiles shown were obtained in the absence of salt (bottom .
panel) or in the presence of the same concentration (25 mM) 30 40 50
of NaCl, NaTFA and NaCl@ Note that, although all four Retention Time (min)
peptides exhibit an increase in retention time in the presence
of salt, since there is a disproportionate effect on peptide Fig. 3. Effect of salt on RP-HPLC elution profile of model peptides with

. . . - varying net positive charge (+1, +2, +3, +4). Conditions: linear AB gradient
retention time, dependmg on the net positive Charge on the(0.5% acetonitrile/min) at a flow-rate of 0.3 ml/min, where eluent Ais 10 mM

peptide Fig. 2) (peptided <8<7<1;+1,+2, +3, +4eSpec- g PO, andeluentBis 10 mM POy in 50% aq. acetonitrile, both eluents
tively) as well as the effectiveness of the salts in enhancing containing 0 mM salt or 25 mM NaCl, NaTFA or NaCJ{yuns were carried
peptide hydrophobicity (NaGk NaTFA<NaCIQ). This outat 25°C. The sequences of the peptides (peptides 1, 7, 8 and 9) are shown
results in a decrease in relative separation of the four in Tablel
peptides in the order of OmM salt>NaSINaTFA>
NaClOy.

Finally, Fig. 4 compares the change in retention times
of the four peptides relative to those obtained in 10mM peptides 1 and 7 (+4 and +3, respectively) show an essen-
H3POy per net positive charge on the peptided/Charge). tially identical response per net charge with both increasing
For NaClQ, the convergence of the plots for the four peptides NaTFA and NaCl concentration; in contrast, peptide 8 (+2)
again suggests that the addition of this salt has an essentiallyand peptide 9 (+1) exhibit a somewhat lesser response. Note
identical effect on each positively charged residue in the pep- that such results, particularly those for NagJ®Guggest that
tides. A similar, albeit not so clear cut, effect can be seen for the response of positively charged peptides to salt concen-
NaTFA and NaCl. Overall, it would appear that when increas- tration variations may be predictable, with potentially useful
ing the concentration of these two salts, the higher the netrepercussions for development and optimization of peptide
charge on the peptide, the greater the effect per charge. Thusseparation protocols.
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Fig. 4. Effect of salt concentration on the change in RP-HPLC retention tixtieper net positive charge relative to that obtained in the absence of salt.
Conditions: same dsig. 2for the 10 mM HPO, system. The sequences of the peptides (peptides 1, 7, 8 and 9) are sliabteit
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