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Abstract

Trifluoroacetic acid (TFA) remains the dominant mobile phase additive for reversed-phase high-performance liquid chromatography
(RP-HPLC) of peptides after more than two decades since its introduction to this field. Generally, TFA has been employed in a concentration
range of 0.05-0.1% (6.5-13 mM) for the majority of peptide separations. In order to revisit the question as to whether such a concentration
range is optimum for separations of peptide mixtures containing peptides of varying net positive charge, the present study examined the effect
of varying TFA concentration on RP-HPLC at 25 and*@0of three groups of synthetic 10-residue synthetic peptides containing either one
(4+1) or multiple &3, +5) positively charged groups. The results show that the traditional range of TFA concentrations employed for peptide
studies is not optimum for many, perhaps the majority, of peptide applications. For efficient resolution of peptide mixtures, particularly those
containing peptides with multiple positive charges, our results show that 0.2—-0.25% TFA in the mobile phase will achieve optimum resolution.
In addition, the use of high temperature as a complement to such TFA concentration levels is also effective in maximizing peptide resolution.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction solute molecules on a reversed-phase packirg] or a dy-
namic ion-exchange event whereby the ion-pairing reagent
Since its introduction over two decades ago as an anionicis first retained by the reversed-phase column and then
ion-pairing reagent for reversed-phase high-performance lig- solute molecules exchange ions with the counterion associ-
uid chromatography (RP-HPLC), trifluoroacetic acid (TFA) ated with the sorbed ion-pair reagd8t11]. Whatever the
has become the most extensively used mobile phase additivanechanism, the resolving power of negatively charged, an-
for RP-HPLC of peptidefl—3]. Its efficacy in this role lies  ionic ion-pairing reagents such as TFA is effected through
in its volatility and UV transparency, coupled with the hy- their interaction with the aforementioned positively charged
drophobic, negatively charged trifluoroacetate ion (TIFA  groups in a peptidg3,4]. Indeed, hydrophobic anions such
which is able to interact with basic, positively charged amino as TFA™ will not only neutralize the positively charged
acid side-chains (Arg, Lys, His), as well as frea4dmino groups, thereby decreasing peptide hydrophilicity, but
groups[1-4]. In addition, at low pH values (e.g., pH 2.0), will increase further the affinity of the peptides for the
protonation of acidic residues enhances the interaction ofreversed-phase sorbd#di.
peptides with the reversed-phase packing, concomitant with In the past, concentrations of TFA in mobile phases
the suppression of free silanol ionization, thereby avoiding (aq. TFA/acetonitrile mobile phase systems being the most
undesirable ionic interactions with positively charged pep- commonly employed for peptidd$—4]) have mainly been
tide soluteq3,5,6]. limited to a range of 0.05-0.1% (v/v). However, an early
Favored models for the mechanism of such ion pair study in our laboratory4] demonstrated the potential use
separations involve either formation of ion-pairs with the of varying TFA concentrations (0.01-0.8%) on peptide se-
sample solute in solution followed by retention of the lectivity, where increasing TFA concentration resulted in
an increase in peptide retention time; further, the greater
mspondmg author. Tels1-303-315-8837: the humber qf positiye charge; on a peptide,_ the greater
fax: +1-303-315-1153. the increase in peptide retention, demonstrating potential
E-mail addressrobert.hodges@uchsc.edu (R.S. Hodges). manipulation of peptide elution profiles by varying anionic
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counterion concentration. Such an approach has also beer2—32 mM aq. TFA and eluent B was the corresponding con-

reported for the preparative RP-HPLC separation of very centration of TFA in acetonitrile; runs were carried out at 25

hydrophilic, histidine-rich peptides, where 1% TFAwas em- and 70°C. Approximately Jumol of each of the peptides

ployed to ensure retention of the peptides by the RP-HPLC in the 10-peptide mixtures were injected in a total sample

packing[12]. Considering the range of positively charged volume of 10ul.

peptides which may be present in peptide mixtures—in pro-

teomic applications, for instance, where protein digests may 2.4. Peptide synthesis and purification

contain thousands of peptides with multiple charges—we

believe the question of whether traditionally employed  Synthesis of the peptides was carried out by standard

concentrations of TFA in mobile phase systems are in- solid-phase synthesis methodology ushfgtert-butyloxy-

deed optimized for general peptide applications should be carbonyl {-Boc) chemistry on MBHA (methylbenzhydryl-

revisited. amine) resin (0.97 mmol/g) as described previoydlg].
Routine use of higher TFA concentrations has generally The crude peptides were purified by preparative RP-HPLC

been avoided in the past, perhaps partly due to concernson an Applied Biosystems 400 solvent-delivery system con-

of stationary phase degradation, e.g., cleavage of alkyl nected to a 783A programmable absorbance detector. Amino

chains from silica-based packingi acid hydrolysis of the  acid analyses of purified peptides were carried out on a

siloxane bond linking the stationary phase functional group Beckman Model 6300 amino acid analyzer (Beckman In-

with surface silanol$13,14] However, with the advent of  struments, Fullerton, CA, USA) and the correct primary ion

reversed-phase packings with excellent stability towards molecular masses of peptides were confirmed by mass spec-

both acidic mobile phases and high temperafdif®-17} trometry on a Fisons VG Quattro electrospray mass spec-

such concerns have been overcome. Thus, the present studirometer (Fisons, Point-Claire, Canada). Note that 0.2% TFA

determines the effect of varying TFA concentration and can be used in LC-MS-MS with detection at the femtomole

temperature on RP-HPLC of three groups of synthetic level.

model peptides, these groups containing peptideslof+3

or +5 net charge. From the retention behavior of these pep-2.5. Calculation of resolution (f

tides, conclusions could be drawn about optimum mobile

phase conditions for sample mixtures containing peptides Resolution was calculated through the equation:

of varying net charge.

_ 1176Am
ST Wi+ Ws
2. Experimental where Atg is the difference in retention time between two
peptide peaks (1 and 2) akidy andW; are their peak widths
2.1. Materials at half height. This equation is satisfied if the units of re-

tention time and peak width are the same, such as minutes.
TFA was obtained from Halocarbon Products (River Edge, The peak widths at half height (in time units) used in this
NJ, USA). HPLC-grade acetonitrile was purchased from EM study were determined using the HP ChemStation for LC
Science (Gibbstown, NJ, USA). HPLC-grade water was ob- Systems software package Rev.07.01.
tained from EMD Chemicals (Gibbstown, NJ, USA).

2.2. Instrumentation 3. Results

Analytical RP-HPLC runs were carried out on an HP 3.1. Design of synthetic model peptides
1100 Liquid Chromatograph (Hewlett-Packard, Avondale,
PA, USA), coupled with an HP 1100 series diode array de- We have always believed that studies attempting to equate
tector and thermostatted column compartment, HP Vectra peptide elution behavior in HPLC generally, and RP-HPLC
XA computer and HP LaserJet 5 printer. Peptide synthesis specifically, with varying run parameters is best achieved
was carried out on an Applied Biosystems Peptide synthe- by initial studies using defined model peptide systems, the

sizer Model 430A (Foster City, CA, USA). results of which can then be extrapolated to peptides as
a whole. Thus, we have designed and synthesized three
2.3. Column and HPLC conditions groups of model peptides exhibiting variations in hydropho-

bicity and net positive charg@4ble ). FromTable 1 each
Analytical RP-HPLC runs were carried out on a Zor- group of peptides contains 10 peptides with the same net
bax SB300-@ column (150 mmx 2.1 mm i.d.; 5um parti- positive charge, arising from the presence of a single ly-
cle size, 300 A pore size) from Agilent Technologies (Little sine residue-£1 group), two lysine residues and an argi-
Falls, DE, USA), using a linear AB gradient (1% acetoni- nine residue{3 group) or two lysine residues, two arginine
trile/min) at a flow-rate of 0.25 ml/min, where eluent A was residues and a free N-terminalamino group {5 group).
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Table 1 3.2. RP-HPLC stationary phase
Sequences and names of the peptides in this study
Peptide Peptide Peptide sequenke Increase in The Zorbax SB-300&(“SB” denoting “Stable Bond”) is
grouf  name the number of prepared from monofunctionaloctylsilane based on pro-
carbon atorrfs tecting the siloxane bond between the silica and thgréup
+1 la Ac- - COCGALAL&K--an de 0 with bulky side groups, in this case two isopropyl groups
12 22: . gﬁ%g : :ﬂ 32 ; [15-17) This packing was originally designed to protect the
1d Ac- - GOVGA. QL CK- -ami de 3 siloxane bond from acid hydrolysis at low g#5—-17]and
1le Ac- - CGVAGLGLCK- -armide 4 has shown excellent thermal stability at pH22—-27]
1f Ac- -GG GCALALGK--anide 4
iﬁ :C' - %@&gi -am ge 2 3.3. Effect of TFA concentration on elution behavior of
C- - --am de ; ;
1 Ao - GG VALALGY - ami de 7 model peptide mixtures
1j Ac--GG | LGLGK--ami de 8
_ The effect of TFA concentration on the RP-HPLC reten-
+3 sa Ac-- CREBLALK--am de 0 tion behavior of mixtures of positively charged peptides was
3b Ac- - GRAGKLGA.GK--am de 1 . ; .
3c Ac- - GRAAKLGLGK- - amide 2 determined by running the three 10-peptide groupk, (+3
3d Ac- - GRVGKLGLGK- - anmi de 3 and+5; Table J) in ag. TFA/acetonitrile mobile phases con-
3e Ac- - GRVAKLALGK- - ami de 4 taining 2, 4, 8, 16 and 32mM TFA (equivalent to a range
sf AC-- CRICKLALGK--anm de 4 of ~0.016-0.25% TFA, i.e., encompassing the 0.05-0.1%
gg ﬁg: ) g‘;{,@itgi ) Zm gg 2 TFA range traditionally used for such separations) at 25 and
3i Ac- - GRIVKLGLGK- - amide 7 70°C. It should be noted that we chose to express TFA
3j Ac--GRI | KLALGK--anide 8 concentrations in mMersuspercentage in order to be able
45 5a NHs*- - RROGKLGLGK- - ami de 0 to make a direct comparison of the effectiveness of TFA
5b NHg"- - RRAGKLGLGK- - ani de 1 with alternative ion-pairing reagents, the subject of a sepa-
5¢c NHst- - RRAAKLGLGK- - anide 2 rate study. The pH value of the aq. TFA (eluent A) ranged
5d NH*- - RRVGKLALGK- - ani de 3 from pH 2.8 (2mM TFA) to pH 1.7 (32mM), which we
Se NH;™- - RRVAKLGLCK- -ami de 4 refer to generally as pH 2. Note that even the highest pH
5f NHgt- - RRI GKLGLGK- - ani de 4 .
59 NHy+- - RRI AKLGLGK- - ami de 5 value (pH 2.8 for 2mM ag. TFA) is far enough below the
5h NHgT- - RRWKLGLGK- - ani de 6 pKa values of the positively charged groups in the peptides
5i NHst- - RRI VKLGLGK- - anide 7 so as not to affect the full positive charge on the peptides;
5 NHg™- - RRIT KLGLGK--ani de 8 in addition, if any underivatized silanol groupskgp~4.0)

a The charge of the peptide is shown at pH 2.0. remained on the Stable Bond packing, they also would re-
b The different amino acid substitutions are shown in bold letters. main protonated (i.e., neutral) under the RP-HPLC condi-
¢ _The increase of the number of carbon atoms is assigned taking tions used in the present study, thus preventing any potential
peptides 1a, 3a and 5a as zero. undesirable electrostatic interactions between the positively
charged peptides and the hydrophobic stationary phase. Elu-
tion time data for all peptides at 25 and @@ are presented
Within each peptide group, hydrophobicity varies only sub- in Table 2
tly between adjacent peptides, i.e., peptide hydrophobic- Fig. 1 compares the results obtained at®@when run-
ity varying by just one methyl or methylene group (equiv- ning the three groups of peptides in the 2, 8 and 32mM
alent to an increase of one carbon atom) from one pep- TFA mobile phase systems. FroRig. 1, increasing TFA
tide to the next. The presence of several glycine residuesconcentration generally results in increasing peptide reten-
ensured negligible secondary structure for these peptidestion time and improved peak shape. In addition, this effect
[19,20] (i.e., they have a “random coil” configuration), to of increasing TFA concentration is more marked the greater
avoid complications in interpretation of data due to selectiv- the positive charge on the peptides, i€l group< +3
ity differences in peptide RP-HPLC retention behavior aris- group< +5 group. This effect is especially dramatic for the
ing from conformational variation21,22] The 10-residue  +5 group, where early eluted peptides, in particular, showed
length of the peptides was chosen to mimic the size of severe tailing and poor peak shape at low (2 mM) TFA con-
an average peptide fragment arising from proteolytic di- centration.
gests of proteins. Peptides are denoted by charge and rela- An interesting observation froffig. 1is the effect of TFA
tive hydrophobicity order, e.g., the peptide with one positive concentration on the elution time range of the peptides, i.e.,
charge and the lowest hydrophobicity within thid group Atr (j analogue— a analogue) for each peptide group. At
(a —GG-— substitutionTable J) is denoted la; the peptide 32mM TFA, the values were 11.8 mir-(L group), 9.8 min
with three positive charges and the highest hydrophobicity (+3 group) and 7.2 min{5 group), i.e., the larger the num-
within this+3 group (a —II- substitutiorfable J) is denoted ber of positive charges, the smaller the elution range. These
3j, etc. Atr values for the+1 and+3 groups remained essentially
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Table 2
Retention times oft1, +3 and+5 peptides in different TFA concentrations
Peptide TFA Temperature Retention time (min)
rou mM °C
group (M) (©) @ b c d e f 9 h i i
+1 2 25 17.89 19.04 20.09 22.00 23.16 24.16 25.43 24.87 27.04 28.96
70 16.40 17.63 18.78 20.77 22.03 22.93 24.11 24.11 26.32 28.29
4 25 18.20 19.34 20.37 22.28 23.44 24.44 25.71 25.17 27.34 29.25
70 16.71 17.93 19.06 21.06 22.33 23.23 24.44 24.44 26.62 28.59
8 25 18.48 19.59 20.60 22.50 23.65 24.66 25.92 25.37 27.53 29.44
70 16.95 18.15 19.27 21.27 22.53 23.44 24.66 24.66 26.84 28.81
16 25 18.78 19.88 20.87 22.77 23.93 24.94 26.20 25.68 27.83 29.75
70 17.28 18.47 19.57 21.56 22.83 23.74 24.99 24.99 27.15 29.11
32 25 19.08 20.16 21.14 23.03 24.19 25.21 26.47 25.98 28.13 30.06
70 17.56 18.73 19.82 21.81 23.08 23.99 25.26 25.26 27.42 29.40
+3 2 25 15.77 16.67 17.71 19.17 19.88 21.03 21.62 21.62 23.42 25.11
70 13.96 14.87 15.99 17.51 18.34 19.35 20.11 20.48 22.13 23.82
4 25 17.02 17.85 18.82 20.22 20.94 22.07 22.69 22.69 24.45 26.13
70 15.12 16.01 17.09 18.57 19.41 20.42 21.20 21.53 23.18 24.89
8 25 17.92 18.72 19.65 21.00 21.72 22.84 23.49 23.49 25.22 26.90
70 15.94 16.82 17.87 19.33 20.19 21.19 22.00 22.30 23.97 25.69
16 25 19.06 19.84 20.74 22.05 22.80 23.89 24.60 24.60 26.32 28.01
70 17.12 17.99 19.02 20.45 21.32 22.30 23.16 23.42 25.13 26.85
32 25 19.97 20.74 21.62 22.89 23.68 24.75 25.47 25.58 27.24 28.95
70 18.01 18.87 19.90 21.30 22.21 23.16 24.09 24.33 26.07 27.81
+5 2 25 10.33 11.40 12.82 14.61 14.98 16.34 16.34 17.38 18.35 19.96
70 9.35 9.35 9.35 11.73 12.42 13.71 14.14 15.15 16.20 17.84
4 25 13.94 14.46 15.33 16.70 17.03 18.23 18.23 19.14 20.05 21.57
70 10.25 11.32 12.69 14.17 14.73 15.84 16.19 17.08 18.07 19.61
8 25 16.35 16.75 17.40 18.59 18.90 20.02 20.02 20.84 21.71 23.18
70 13.25 13.90 14.90 16.10 16.63 17.63 17.97 18.79 19.73 21.25
16 25 18.70 19.03 19.56 20.65 20.94 22.02 22.02 22.75 23.61 25.06
70 15.91 16.41 17.21 18.27 18.75 19.71 20.02 20.80 21.73 23.22
32 25 20.21 20.53 20.99 22.08 22.34 23.43 23.43 24.13 25.01 26.48
70 17.57 18.02 18.76 19.80 20.27 21.22 21.52 22.27 23.22 24.73

@ For peptide denotions, s@@ble I RP-HPLC conditions, se8ection 2.3

constant over the entire range of TFA concentrations exam- Finally, a critical conclusion from the results presented
ined (2—32 mM); for thet5 groups, these values remained in Fig. 1 is that, for the efficient resolution of all three
essentially constant over the 8—32 mM TFA range. Also from groups of peptides (at 7@), a TFA concentration of 32 mM

Fig. 1, an increase in TFA concentration dramatically im- (~0.25%) is required. Similar results were also obtained at
proved resolution for specific peptide pairs. Thus, for-te 25°C (data not shown).

group, peptides 5f and 5g are almost completely separated

to baseline at 32 mM TFA but poorly resolved at lower TFA 3.4. Effect of temperature on elution behavior of model
concentrations. Similarly, for the3 group, peptides 3g and  peptide mixtures

3h are almost completely separated to baseline at 32 mM

TFA. Further, for thet+1 group, 1g and 1h are coeluted for Fig. 2illustrates the effect of temperature on elution be-
the entire TFA concentration range even though there hashavior of the three groups of peptides in the presence of
been an increase in overall resolution of the peptide mixture 32 mM TFA. This concentration of TFA was maintained
at 32 mM TFA. There are also subtle selectivity differences due to its producing the best overall resolution for all three
between peptides with the same hydrophobicity difference groups of peptides iRig. 1. FromFig. 2, an increase in tem-
within the three groups of peptides, e.g., compare the g andperature reduces peptide retention time, due to an enhance-
h analogues, which are not resolved in thk group (1g/1h) ment of the mass-transfer rate of the peptide solutes between
but are resolved in the-3 (3g/3h) and+5 (5g/5h) groups. the stationary and mobile phagdé&§,28—-30] Advantages of
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Fig. 1. Effect of TFA concentration on RP-HPLC retention behavior of positively charged model peptide mixtures. Conditions: linear AB gradient (1%
acetonitrile/min) at a flow-rate of 0.25ml/min, where eluent A is 2, 8 or 32mM aq. TFA and eluent B is the corresponding TFA concentration in
acetonitrile; temperature, 7€. The structures and denotions of the peptides are showahle I +5, +3 and+1 refer to the net charge of all peptides

in the peptide mixtures.

varying temperature may be seen in selectivity changes at 253.5. Effect of nearest-neighbor effects on elution behavior
and 70°C. Thus, peptide pairs 5f/5g+6 group) and 3g/3h  of model peptide mixtures
(+3 group) are coeluted at 28 but are resolved at 7C;

conversely, peptides 1h and 1¢X group) are resolved to Deviations from expected elution behavior for small pep-
baseline at 25C but are completely coeluted at 70. In tides are generally explained in terms of sequence-specific
addition, the peptide pair 5a/5b and 5d/5é(group) is bet- effects, which can be divided into two categories—nearest-
ter resolved at 70C compared to 25C. neighbor and conformation effedt1]. The former implies
Interestingly, the elution range of the peptides, i%&tg that such effects are amino acid sequence-dependent, but

(j analogue— a analogue) appears to be affected by a tem- independent of differences in secondary structure; in com-
perature change. Thus, at Z5, Atg values are 6.3, 9.0 and parison, amino acid sequence-dependent conformational ef-
11.0 min for the+5, +3 and+-1 groups, respectively; in con-  fects would be an apparent reduction or enhancement of the
trast, these values have increased to 7.2, 9.9 and 11.8 minpverall hydrophobicity of the peptide as a result of the pep-
respectively, at 70C, i.e., an average increase for all these tide adopting an unique conformation on interacting with
peptide groups 0f0.9 min. the stationary phase, compared to the hydrophobicity of the
Finally, it should be noted that the option to be able peptide if it existed as a random caoil, i.e., lacking an unique
to use a relatively high TFA concentration (32mM) com- conformation[31]. The random coil nature of the model
bined with high temperatures for manipulation of elution peptides in the present study, assured by the presence of mul-
profiles of peptide mixtures highlights well the advantages tiple glycine residues, suggests that subtle selectivity differ-
of chemically and thermally resistant silica-based RP-HPLC ences during RP-HPLC are likely due to nearest-neighbor
packings. effects within specific peptides and/or the environment
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Fig. 2. Effect of temperature on RP-HPLC retention behavior of positively charged model peptide mixtures. Conditions: linear AB gradient (1%
acetonitrile/min) at a flow-rate of 0.25 ml/min, where eluent A is 32mM ag. TFA and eluent B is 32mM TFA in acetonitrile. The structures and denotions
of the peptides are shown ifable T +5, +3 and+1 refer to the net charge of all peptides in the peptide mixtures.

within which residue substitutions are made. Thus, even (—RIAK- for 3g and —RVVG- for 3h) could not be resolved
through the peptide analogues in all three groups of pep-at 25°C but could be resolved at 7€ (Fig. 2). For the+5
tides have the same series of residue substitutitaisi€ 1), group (—RIAK- for 59 and —RVVG- for 5h), the two pep-
the environment surrounding these substitutions varies sub-tides are readily resolved at 25 and“Td (Fig. 2), where
stantially. For instance, for the5 group, the substitutions the only difference between the3 and+5 groups is the
are made within the sequentéisN-RR—X—X—K— (where replacement of the N-terminal glycine residue in th8
X—X denotes substituted residues), i.e., within a highly groups with an arginine residue with a freeamino group
charged environment, in addition to three adjacent positive in the +5 group. Such a result illustrates the sensitivity of
charges at its N-terminus; for the3 group, substitutions  RP-HPLC to subtle changes in sequence not immediately
are made within the sequence Ac-GR—-X—X-K—, i.e., within adjacent to the dipeptide sequence where the hydrophobicity
a much lesser charged environment than-t&egroup; fi- changes. Further, what is even more interesting is the sep-
nally, for the+1 group, substitutions are made within the aration of peptides 1g and 1h at 5 (Fig. 2). Peptide 1h
sequence Ac-GG—X-X-G—, i.e., with no ionizable groups has a greater intrinsic hydrophobicity than 1g by 1 carbon
close to the substitution positions. atom out of the 10-residue sequendalfle J), yet peptide
FromFig. 1, peptide analogues g and h, which differ by 1h is eluted prior to 1g at 25C while the two peptides are
a full carbon atom (partial sequence of —GIAG- for g and coeluted at 70C (Fig. 2). This result suggests that nearest-
—GVVG-for h;Table 1), were not resolved in the1 group neighbor effects are greater at 25 and such effects are
(19/1h) at any TFA concentration (2—32 mM TFA) atl@ being diminished at high temperature.
however, they were baseline resolved at@5Fig. 2). In- Another interesting example of a nearest-neighbor effect
terestingly, the same sequence variations for+3egroup lies in the behavior of the e and f analogues of the three pep-
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tide groups. Thus, e analogues contain the sequence —VA—pf the peptidestk: j analogue— a analogue) increases with
whilst f analogues contain the sequence —IG—, i.e., they wereincreasing net positive charge.

designed to contain the same number of carbon atoms (four) Clearly, peptide peak width is decreasing with increasing
in the substitution positions and, thus, the same apparentTFA concentration (as well as increasing temperature), this

intrinsic hydrophobicity, where there is an increase of one
methyl group in going from valine to isoleucine and a de-
crease of one methyl group in going from alanine to glycine
(Table 1. Regardless of the surrounding residues (-GVAG—
and —GIGG- in thet-1 group; —RVAK— and —RIGK- in the
+3 group and+5 group;Table ), the peptides are read-
ily separated at both 25 and 70 (Fig. 2). It is perhaps
significant that the e analogues (with the —VA— substitu-
tion) are consistently eluted prior to the f analogues (with
the —IG— substitution). Thus, the inherent hydrophobicity

effect being more marked the higher the net positive charge
on the peptides. Indeed, the effect on peak width by an in-
crease in both TFA concentration and temperature is most
dramatic for the+5 group, as had been noted from the elu-
tion profiles shown irFig. 1. The overall general trend of
decreasing peak width with an increase in TFA concentra-
tion and temperature is also illustratedTiable 4which re-
ports the difference i/, values obtained between 8 and
32mM TFA (i.e., Wy at 32mM — Wy, at 8mM). The
averageWy» value/net positive charge is presented simply

of the isoleucine side-chain (f analogues), adjacent as it isto highlight the effect of temperature. Thus, over this entire

to glycine with no appreciable side-chain, is likely to be
fully expressed on interaction with the hydrophobic station-
ary phase. In contrast, instead of being additive, it is likely
that the combined hydrophobicity of the valine and alanine

TFA concentration range, the averadyg//charge is always
lower (i.e., this value is more negative) at X0 compared
to 25°C.

Finally, fromFig. 3, for all three peptide groups, increas-

side-chains (e analogues) is not being fully expressed, i.e.,ing TFA concentration clearly increases resolution of adja-
the apparent hydrophobicity of this dipeptide is being di- cent peptide pairs. In addition, as reflected by the steeper
minished relative to —IG— of the f analogues, perhaps due slopes of the 70C data, increasing the temperature from
to “shielding” of the hydrophobicity of one residue by the 25°C also increases peptide resolution over the entire TFA
other via conformational constraints between these adjacentconcentration range. The effects of these two run parameters
residues. is underlined inTable 5 which reports the relative increase
in peptide resolution at 7@C versus25°C on increasing
the TFA concentration from 2 to 32 mM TFA. Thus, for in-
stance, for thet1 group, resolution increases 1.21-fold at
32mM TFA compared to 2 mM TFA at 2% for the 1b/1c

Fig. 3 summarizes graphically the effect of increas- peptide pair compared to 1.44-fold at’f®; these values are
ing TFA concentration (expressed as 1gdFA]) on Atr 1.32-fold (25°C) and 1.57-fold (70C) for the 1d/1e pep-
(32-8mM) (i.e., the difference in peptide retention time tide pair; and 1.42-fold (25C) and 1.60-fold (70C) for the
between that obtained at a concentration of 32mM TFA 1i/1j peptide pair. The same trend is also observed for the
compared to 8 mM TFA), peptide peak width at half height +3 and+5 group peptides. Also frorifable § it is clear
(W,2) and peptide resolution. To simplify interpretation of that, the higher the net positive charge on the peptides, the
data, only profiles obtained from selected peptide data aregreater the improvement in resolution on raising the TFA
shown: thus, only values obtained for 5h/5i and 5i/sp( concentration from 2 to 32mM TFA. Thus, taking the i/j
group); 3b/3c, 3d/3e and 3i/3j3 group); and 1b/lc, 1d/le analogues as an example, the resolution of 1i/1j, 3i/3j and
and 1i/1j ¢-1 group) are presented. However, the data pre- 5i/5j peptide pairs improves by 1.42-, 1.83- and 2.07-fold,
sented irFig. 3represents the observed elution behavior for respectively, at 25C; at 70°C, the resolution of these pep-
all peptide analogues and can be viewed as summarizingtide pairs improves 1.60-, 2.18- and 2.54-fold, respectively.
general rules for effect of TFA concentration on peptides of Finally, Table 5again highlights interesting selectivity dif-

3.6. Effect of TFA concentration and temperature on
elution characteristics of model peptides

varying net charge.

FromFig. 3 Atr (32-8 mM values) are essentially inde-
pendent of TFA concentration for all three peptide groups
at both 25 and 70C. Table 3shows the change in peptide

ferences with increasing TFA concentration. Such selectiv-
ity differences vary from peptide pair to peptide pair and,
thus, the improvement in resolution between peptide pairs
is not identical in all cases. A clear example of this from

retention times between the 8 and 32 mM TFA systems at Table 5is that the relative increase in resolution at°@

both 25 and 70C. Due to the comparatively poor retention
of the 45 group peptides at concentrations of 2mM TFA
(Fig. 1) and 4mM TFA (data not shown), 8 mM was cho-

for 3g/3h is significantly lower (1.44) than the general range
of the peptides (2.00-2.45), whereas the 3f/3g pair is some-
what higher (2.69), i.e., the elution behavior is causing these

sen as the lower TFA concentration limit to ensure accuracy anomalies. Thus, for the 3g/3h peptide pair, the difference in

of data. Note that the averaggtr/positive charge values
are essentially constant at both 25 and®C0for all three

retention times between the peptides has actually decreased
on raising the TFA concentration from 2 to 32 nfidble 2,

groups, albeit there is an increase in the values as the netlthough the concomitant decreases in peak widtablé 4

charge increases, i.es1 < +3 < +5. This increase re-
flects the earlier observatioffrify. 1) that the elution range

still lead to an overall relative increase in resolution (1.44),
albeit significantly less than might be expected. In contrast,
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Fig. 3. Effect of TFA concentration on retention characteristics of model positively charged peptides at 25 @nd\f0denotes difference in retention

time between adjacent peptidé¥;,» denotes peak width at half height of peptidBs;denotes resolution of adjacent peptides. Open symbols with solid
lines represent results obtained at°25 closed symbols with dotted lines represent results obtained “@.70he +5 group peptides are represented by
peptide pairs 5h/5i and 5i/5j; the3 group peptides are represented by peptide pairs 3b/3c, 3d/3e and 3i/3jltheoup peptides are represented by
peptide pairs 1b/1c, 1d/1e and 1i/1j. Sequences of all peptides are shdvablen 1

Table 3
Difference in retention times of1, +3 and+5 peptides between 8 and 32mM TFA
Peptide group ~ TemperatureQ)  Atr@z—gmm) (Min)? Averag®  Average/charde
a b c d e f g h i j
+1 25 060 057 054 053 054 055 055 061 060 062 057 0.57
70 061 058 055 054 055 055 060 060 058 059 058 0.58
+3 25 205 202 197 189 196 191 198 209 202 205 1.99 0.66
70 207 205 203 197 202 197 209 203 210 212 205 0.68
+5 25 386 378 359 349 344 341 341 329 330 330 349 0.70
70 432 412 386 370 364 359 355 348 349 348 3.72 0.74

a Denotes the difference of peptide retention times between 8 and 32mM TFA.

b Average denotes the average values of Mfiga2—smwm Of 10 peptides analogues in the same group.

¢ Average/charge denotes the average values ofMiags> gmmy Of 10 peptide analogues in the same group divided by the number of charges on the
peptides.

d For peptide denotions, séable 1 RP-HPLC conditions, seSection 2.3
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Table 4

Difference of peak width at half height of1, +3 and+5 peptides between 8 and 32mM TFA

Peptide TemperatureAW;,232-gmm) (mMin)? Averag® Average/

group  (°C) o b c d e f 9 h i i chargé

+1 25 —0.0185 —-0.0119 —0.0057 —0.0074 —0.0112 —0.0141 —0.0168 —0.0171 —0.0202 —0.0055 —0.0128 -—0.0128
70 —0.0217 —0.0252 —0.0144 —0.0172 —0.0258 —0.0293 ¢ - —0.0272 —0.0187 —0.0224 -0.0224

+3 25 —0.0451 —0.0513 —0.0440 —0.0344 —0.0307 —0.0366 - - —0.0323 —0.0294 —0.0380 -0.0127
70 —0.0415 —0.0523 —0.0474 —0.0466 —0.0402 —0.0476 —0.0446 —0.0424 —0.0425 —0.0380 —0.0443 -0.0148

+5 25 - - - - - - - —0.0852 —0.0710 —0.0862 —0.0808 —0.0162
70 -£ —0.1865 —0.1732 —0.1774 —0.0928 - - —0.1319 -0.1325 —0.1078 —0.1432 —0.0286

a Denotes the difference of peptide peak width at half height between 8 and 32mM TFA.

b Average denotes the average values of MW 532-8mm) Of the corresponding peptide analogues in the same group.

¢ Average/charge denotes the average values of\W&/>32-gmm) Of the corresponding peptide analogues in the same group divided by the number
of charges on the peptides.

d Dashes denote the coeluted peaks or the poorly resolved peaks, for which the peak width at half height cannot be determined.

€ Peptide 5a is not retentive enough in 8 mM TFA at’@and, therefore, is not included in this table.

f For peptide denotions, sé@ble 1 RP-HPLC conditions, seSection 2.3

Table 5
Relative increase in peptide resolutidrs) between 2 and 32 mM TFA
Peptide group Temperaturé) Relative increase iR value®
a—tf b—c c—d d-e e—f f-g g-h h—i i~
+1 25 1.31 121 1.24 1.32 1.13 154 1.27 151 1.42
70 1.47 1.44 1.46 157 1.63 d_ - - 1.60
+3 25 1.84 181 1.74 2.07 1.77 - - - 1.83
70 2.06 2.12 2.13 2.45 2.00 2.69 1.44 2.26 2.18
+5 25 - - - - - - - 2.06 2.07
70 - - - - - - - 2.58 2.54

a8 RP-HPLC conditions, linear AB gradient (1% acetonitrile/min) at a flow-rate of 0.25ml/min, where eluent A is 2 or 32mM aqg. TFA and eluent B
is the corresponding TFA concentration in acetonitrile.

b Calculated by the expressioRsof peptide pair at 2mM TFA)Rs of peptide pair at 32 mM TFA).

¢ Denotes adjacent peptide pair from whigg values were derived; sequences showrTable 1

d Denotes situations where poorly resolved or coeluted peaks prevented measureRent of

the difference in retention time between 3f and 3g has in- From the results of this study, it is apparent that the con-
creased with increasing TFA concentration; thus, with the centrations of TFA generally employed for RP-HPLC of
concomitant decrease in peak widths, the relative increasepeptides (0.05-0.1%, i.exy6.5-13 mM) are somewhat at
in resolution (2.69) is somewhat greater than the remaining the low end of a favorable concentration range for such pur-
adjacent peptide pairs. Such results again confirm the advanposes, particularly for peptides containing multiple charges
tage of being able to employ high TFA concentration and/or (e.g.,+5 group inFig. 1). Indeed, we suggest that the con-
high temperature to improve resolution of peptide mixtures. centration of TFA employed for general peptide applications
Raising the TFA concentration further to 64 and 128 mM should be altered to the 0.2—0.25% rang§—32 mM) to
was found to be impractical due to considerable loss of ensure optimum peptide resolution, particularly considering
peak detection sensitivity at high TFA concentrations. Thus, the now ready availability of stable, silica-based RP-HPLC
at 64mM TFA, peptide peak areas were already somewhatpackings.
smaller than those observed at 32 mM TFA; at 128 mM TFA
>80% of peak area compared to 32 mM TFA had been lost.
Such results likely arise from the strong UV-absorbing char- 4, conclusions
acteristics of TFA at high concentration interfering with pep-
t|de bond deteCtiOI’l at 210 nm. HOWEVEI’, Considering the ex- The present Study has investigated the effect of Varying
cellent results achieved with 32 mM TFA concomitant with TFA Concentration and temperature on RP-HPLC of three
Only incremental further improvements in peptlde resolution groups Of Synthetic mode| peptides Containing either one
at higher TFA concentrations, this loss of detection sensi- (1 1) or multiple (+3, +5) positively charged groups. The
tivity at TFA concentrations >32mM TFA is of no practical  results clearly show that the traditional range of TFA con-
concern. centrations employed for peptide studies (0.05-0.1%) is not
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