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Protonation State, Counterion, and Solvent on Arginine CG-N Stretch Frequencie$

Mark S. Braiman,* *+ Deborah M. Briercheckg and Kerry M. Kriger
University of Virginia Health Sciences Center, Biochemistry Department # 440, Charitiée¥irginia 22908

Receied: July 14, 1998; In Final Form: December 23, 1998

The vibrational spectrum of arginine’s side chain in various protein environments is modeled by measuring
IR spectra of ethylguanidinium (EG) salts under varying conditions. Characteristicstretch vibrational
frequencies of monoalkylguanidinium are assigned to observed IR bands at 1% cnit, 1615-1635

cm 1, and 1176-1180 cmt. Each of these bands is observed to downshift-b9 énm* upon [°N], substitution

at the terminal nitrogens. Additional weaker bands from vibrations involving nitrogen motion are also discernible
at ~920, ~1085, and~1440 cn1!. Deprotonation of EGCIl is accompanied by an overall decrease in IR
absorption intensity and substantial changes inithg, vibrational bands. The-1670 and~1180 cn1?

bands appear to shift substantially in the deprotonated state. A strong band near I83%rmains in
ethylguanidine, but this is interpreted as being due &§NH;) scissor mode based on previously published
assignments of the guanidine IR spectrum. New bands attributable kbsfretch vibrations of deprotonated

EG are observed at 1600, 1566, and 1208 cihevc_y bands of EG cation also show characteristic shifts

of up to~40 cnT! depending on solvent and counterion conditions. The biggest effects are seen for counterion
variations in the solid state, where the highesty frequency ranges from 1695 cinfor EG—carbonate

down to 1652 cm? for EG—bromide. In nonpolar solvent, ion pairing occurs, as evidenced by reproducible
differences seen for vibrational frequencies of different EG salts, e.g., 1185fomthe acetate vs 1179

cm! for the iodide. In polar solvents (methanol, ethanol, dimethyl sulfoxide, or water), however, there is
little if any difference in the vibrational frequencies of EG acetate, chloride, bromide, iodide, or phenolate,
indicating independently solvated anion and cation. We conclude that when arginine’s side chain is buried as
part of an ion pair within a hydrophobic region of a protein, its strongly IR-absorking frequencies are

likely to be sensitive to perturbations such as changing the nature or position of the counterion or altering the
hydrogen-bonding capacity of nearby neutral amino acids.

Introduction from high-resolution cryoelectron microscopy and X-ray crys-
o _ tallography indicate different positions for the side chain of arg-
Vibrational spectroscopy can be a useful tool for analyzing go ith sigificantly different nearest-neighbor contatlt
enzyme mechanisms because of its intrinsically fast time may he some time before crystallographic methods define an
resolution and its potential sensitivity to individual chemical unambiguous resting position for arg-82, much less the changes

groups within a protein. IR measurements have modeled varioust yndergoes during the photoreactions of bacteriorhodopsin or
amino acid side chain functionalities and the effects of different 15 0rhodopsin.

protein environments on them, in greatest detail for the

) . . As in halorhodopsin, arginines are likely to be involved in
carboxylic acid resides (Asp and Ghand to a lesser extent P 9 y

o i . membrane-buried chloride binding sites in mammalian chloride
for other ionizable residues such as His, Cys, Tyr, and Lys (See’transport systems such as the CFTR protein, defects in which
for example, ref 2). are responsible for cystic fibrosisn G-protein-coupled recep-
Arginine side chains play important, but as yet poorly defined, tors, activation of G-protein has been found to be dependent
roles in a number of very important membrane proteins for on the presence of a specific arginine in the receptor (the central
which no high-resolution crystal structures are available. For yesidue in the highly conserved ERY sequence found at the
example, motions of arg-82 in bacteriorhodopsin (and its cytoplasmic end of helix I1If. These are just a few examples
homologue arg-108 in halorhodopsin) are thought to play a key of arginines which play active roles in protein functions
role in the mechanism of Htransport (or, in the case of  important in human physiology, yet whose environments and
halorhodopsin, CI transporf). Yet the four high-resolution interactions are at the moment almost completely unknown.
models of bacteriorhodopsin that have been published using data IR spectroscopy has begun to provide some methods for

testing the roles of specific arginines in such membrane proteins.
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Figure 1. IR spectra of thioethylguaniginium bromide, TEBr, measured as a film dried down on an 3M IR card using a Bruker IFS66 spectrometer.
Spectral resolution was 1 crh The dotted line represents an isotopically substituted version of the same moleculéN\witborporated at- 95%

at the two terminal nitrogens. Both spectra were normalized relative to the maximum absorbance in this spectral range, which occurs near 1650
cm L. Labeled frequencies and tick marks correspond to centers of band shapes in the unsubstituted spectrum, as obtained from a band fitting
program. All labeled bands had identical frequencies inti]{-substituted spectra, with the exception of the four for which downshifted frequencies

are given in parentheses. (Inset) difference spectrum between the natural-abundariés]atabgled samples, displayed at-& x-magnified

vertical scale. The labeled marks indicate two isotope-shifted difference bands that were not apparent in the individual spectra.

While environmental changes are expected to affect theIN  sequent spectral manipulations were carried out using GRAMS
stretching vibrations of the guanidino group most strongly, software (Galactic Industries, NH).
measurement of such vibrations in proteins (in the region near  All solvents were reagent grade or better. Solvents used for
3000-3500 cn1?) can be difficult due to their breadth and the  obtaining spectra in nonpolar media (CHMeOH 97:3 and
presence of numerous strongly overlapping OH and NH bandsisotope derivates thereof) were kept dry by storage over 4-A
from water and other amino acid residues. More important, molecular sieves. Ethylguanidinium chloride (EGI) from
however, is the fact that such-NH stretch bands cannot easily  Aldrich was used without further purification, except for
be assigned to individual residues, e.g., by means of residue-comparisons with other EG salts. For such comparisons, all salts
specific isotope labeling. For example, it is impossible to were prepared by first converting EI to the carbonate using
deuterium-label the NH bonds of arginine specifically within - Ag,CO;, then treating an aqueous solution of EG carbonate with
a protein; such labeling of arginine would be accompanied by the conjugate acid of the desired anion (chloride, bromide,
equal labeling of all exchangeable protons, including many other jodide, acetate, nitrate, or phenolate), as described previdusly.
N—H bonds with overlapping vibrational frequencies. Residue- Thioethylguanidinium bromide (TEGBr) was synthesized
specific'®N labeling is achievable, but such isotope substitution from thiourea and 2-bromoaminopropane (Aldrich) using a
is expected to generate only small shifts in the relatively broad pyplished procedut? and was recrystallized from ethanol/
N—H stretch bands, too small to detect reliably. diethyl ether. TEG-Br with 15N substitution at the two terminal

Thus, we focus our attention on understanding theNC —NH; groups was prepared by usingN-labeled thiourea
stretch vibrations of the alkylguanidino group. These vibrations (Cambridge Isotope Laboratories).
have strong IR absorptivity as well as preresonant Raman
intensity due to coupling with the lowest lying* — x Results
transitionl® The C-N bonds all have partial double-bond
character due to the presence of multiple resonance structures The IR spectra of alkylguanidinium salts (e.g., Figure 1) are
for the guanidino group. The relative stability of the resonance in general very similar to that of the side chain of arginine
structures is expected to be influenced by counterion and solventhydrochloride measured in wateThe strongest features in the
interactions. Additionally, coupling of the-€N stretch vibra-  latter spectrum, a band with a maximum at 1673 ¢mnd a
tions to in-plane NH bending motions means that changes in distinct shoulder at 1635 cm, have been ascribed to-@
H-bond interactions will lead toc_y frequency shifts. These  Vibrations because they are in a frequency range characteristic
bands are expected to be assignable in many cases to individua®f C=N bonds. As discussed further below and in a related
amino acids via residue-specific isotope labeling. The strong Paper describing ab initio electronic and force field calculations
IR bands arising from €N stretch vibrations are therefore ©on ethylguanidiniunt? these bands can now be quantitatively
expected to serve as sensitive spectroscopic indicators of theassigned to two specific linear combinations of stretching
state of the arginine group at various protein sites. motions of the three €N bonds of the guanidino group. The

Here we usé®N isotope labeling to determine empirically “thwd" Ilne{;\r combllnatlon of leg stretches is more strongly
the involvement of the two terminal nitrogens in-® vibra- admixed with other in-plane motions (such as in-plane hydrogen

tional modes of the of the alkylguanidino side chain of arginine Pending and &iy,—N stretching), as shown below.

and then examine effects of deprotonation, counterion, and Empirical Assignment of C—N Vibrations based on
solvent on thosec_y frequencies. Isotopic Shifts. Because alkylguanidinium compounds have an

extendedsz orbital system involving three nearly equivalent
nitrogens bonded to a central carbon, the threeNGstretch
internal coordinates are strongly coupled to one another. In the
Except as noted in figure legends, all FTIR absorbance spectracase of guanidinium itself, which hd3s, or Cs, symmetry
were measured using a Nicolet 740 FTIR spectrometer. Sub-depending on its environment, the-@l stretches are easily

Materials and Methods
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classified as a symmetric stretch mode near 1005'cand a The spectra in Figure 1 provide clear support, however, for
2-fold degenerate asymmetric mode near 1665t the idea that the €N stretches are significantly mixed with
Monosubstituted guanidinium species such as arginine gener-eaCh other as well as with other vibrations. A mass substitution
ally exhibit a related pattern of ©N stretch vibrations. In ~ of N for 4N would be expected to downshift the frequency
methylguanidinium, for example, the “asymmetric” €retch of a single unmixed €N stretch vibration by a factor of (15-
character was assigned to a broad Raman band at 1670'¢m (14 + 12)/14(15+ 12))2, or 1.0157. The observed shift factors
However, the substituent breaks the 3-fold symmetry of guani- of the 1656, 1614, and 1170 cfbands are in the range 1.0663
dinium, precluding simple symmetry group descriptions of the 1.005, i.e., substantially smaller. Furthermore, there are clearly
C—N stretch vibrations. Thus, it was concluded that, for more than three bands in the 860800 cm! frequency range
monosubstituted guanidinium, the “symmetric” €Mretching that are sensitive t®N substitution. The biggest isotope-induced
vibration could not be unambiguously identified and that it might downshift, in fact, appears to occur in a weak, broad band
not exist as a single vibrational band. Vibrations at 920tm  centered at 1087 cm. Additional downshifts, in bands near
(in methylguanidine) and near 1180 ch{in methylguanidinium 1440 and 921 cmt that are too weak to be discerned in the
and in arginine itself) were attributed as having significart\C raw absorbance spectra, become readily apparent in a vertically
stretch character, based on their Raman intensity enhancemengxpanded“N—°N difference spectrum (Figure 1, inset).
as the excitation wavelength was brought into resonance with  The observed 921 cm band (Figure 1, inset) likely corre-
the lowest lying electronic excited stdfe. sponds quite closely to the Raman-active band previously
More recently, high-resolution IR data on various EG salts measured at 920 crfor methylguanidiniunt? Its IR intensity
in organic solvent were used to support the assignment of is low, as expected of a symmetric-®l stretch. However, the
vibrational bands near 1670, 1635, and 1180 tms likely relatively small 1N isotope shift of this band~6 cm
having C-N stretch charactéi This work showed that these ~ according to band fitting of the difference spectrum, or a shift
three bands of alkylguanidinium compounds show significant factor of 1.006) suggests that this mode cannot be described as
shifts depending on counterion pairing (see also below for a @ pure symmetric Cistretch.
further discussion). Instead, much of the remaining Giitretch character appears
However, until now, no detailed normal-mode calculations to be associated with the bands near 1170 and 108%. @ased
or heavy-atom*¢C or 15N) isotope substitutions of alkylguani-  on the greater IR and resonance Raman intensity of the former,
dinium molecules appear to have been performed. Such datait is more likely to play a significant role in analysis of arginine
are necessary to define accurately theNCstretch character — environments within proteins. In the remainder of this paper,
of observed vibrations. Heavy-atom isotope substitution is we will generally include the 1170 cm vibration as one of
generally superior to deuteration for defining—8 stretch three characteristic IR GN\group stretch frequencies in alkyl-
frequencies because overall it induces a much smaller perturba-guanidinium compounds. However, vibrational normal-mode
tion on the vibrations of the molecule, making it unlikely to calculations show that this mode includes substantial contribu-
lead to significant remixing of the normal modes. Here, we tions from other internal coordinates, especially the Qyi
provide such measurements usifyl labeling at two of the stretch at the substituted nitrogen (ref 13; see also Discussion).
three nitrogens of EG. IR Spectral Signals due to Arginine Side Chain Depro-
Thiolated ethylguanidinium (TEG) was used for this work tonation. Very little has been published previously regarding
principally because it greatly simplified the isotope labeling, the vibrational spectrum of the deprotonated arginine side chain.
making it possible to use a simple two-step published synthesisThis is possibly because arginine, with Ejdypically above
and commercially available starting materials. Seleciitte 11, is unlikely to be found deprotonated under most biological
labeling of the two terminal-NH; groups was achieved by conditions. An additional reason may be that, like other
using commercially available isotope-labeled thiourea, guanidinium compounds, aqueous arginine has a tendency to
S=C(**NH),, as a starting material. (The other starting material, decompose at very high pH values. Previous workers have noted
2-bromoaminoethane, is not commercially available vk base-catalyzed hydrolysis to both citrullife@nd ornithine®
label). The thiol group is not expected to perturb significantly ~ Recent IR measurements on the effects of pH on the most
the IR spectrum of the ethylguanidinium moiety. The SH stretch commonly ionized amino acidslid include a comparison of
vibration, observed at 2510 crhwith an integrated intensity IR spectra of arginine at pH 5.6 and 11.2 in an attempt to
similar to that of the 1355 cmt band (spectral region not  determine the spectroscopic consequences of arginine depro-
shown), is expected to be the strongest additional vibration tonation. However, this comparison was complicated by the
contributed by the thiol group. presence of other titratable IR-active groups (the amino and
However, the presence of the thiol group limits somewhat carboxylate moieties). Correction for this (by subtracting the
the conditions under which the isotope shifts could be monitored, spectrum of alanine at corresponding pH values) was only
since TEG was found to be much less soluble than EG itself in approximate. Furthermore, the uppermost pH value of 11.2 was
most organic solvents. Furthermore, the thiol group’s relatively probably inadequate to bring about more thaB0% deproto-
low pK, of 9—10 interfered with making analogous isotope- nation.
shift measurements on deprotonated alkylguanidine (see below). To avoid hydrolysis under conditions expected to induce more
Thus, we limited our measurements to the protonated form and complete deprotonation of EG, we measured its spectrum in
measured the IR spectrum only of solid samples. methanolic sodium methoxide. Such conditions are expected
In Figure 1 we present a comparison of the IR spectra of to cause even more deprotonation of EG than 1 M aqueous KOH
unsubstituted antPN-substituted thioethylguanidinium bromide, (i.e., pH 14) because methanol, being less polar than water, is
HS—(CH,),—NH—C—(NH; ),"Br~. These spectra provide for  less capable of solvating and stabilizing the ionized state. The
the first time a direct empirical measure of the relative resulting spectrum of mostly deprotonated EG (Figure 2B) may
contributions of nitrogen motion to the IR bands at 1656, 1614, be taken as a qualitative representation of the IR absorbance
and 1170 cmt. Each of these bands downshifts significantly signal expected from a deprotonated arginine side chain buried
(by 4—9 cnm 1) upon isotope labeling. inside a protein.
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- v v v - T T NaOMe concentration, bands at 1566 and 1310%do not.

Our attempts at reversing this species (Figure 2C) back to
ethylguanidine itself were unsuccessful. These results suggest
that it may be difficult to disentangle the pure ethylguanidine

chioride (in MeOH spectrum from data obtained from varying concentrations of
, = § NaOMe in MeOH.
B (mnguf?ﬁ'RzoMe) S8 = 27 When we attempted to measure the spectrum of deprotonated
% 2 L‘o -~ EG as a thin film, by dissolving it first in aqueous or methanolic
C.EG. velybasic conds. 2 X 2 9 S 1 M KOH and then removing solvent as rapidly as feasibi# (
w/w min), we obtained spectra like that in Figure 2D. This spectrum
D. Ethylguanidinium 3 © g 5] would appear to indicate that the strongesty band charac-
hydroxide (clry) Y teristic of the alkylguanidino group upshifts from1675 to

~1690 cnt! upon deprotonation in a dried film. However,

2000 1900 1800 1700 1600 1500 1400 1300 1200 1100 previously published spectra of arginine at pH EisBow no
Figure 2. IR spectra of ethylguanidinium chloride, E€I, and its |nd|lcat|on.of UpShlﬁed'./C.’.N Vl.bratlon(s). Furthermore, upon
alkaline products, measured at 1 cmesolution. The strong methanol ~ édissolution and reacidification we were not able to recover
band near 1450 cm precluded accurate solvent subtraction in some Mmaterial that gave a spectrum matching the originaHE6
spectra. The indicated frequencies and tick marks correspond to center{Figure 2A, dotted line). It is unlikely that rapid air-drying from
of fitted band shapes. E€Cl was (A) dissolved in MeOH, (B)  methanolic KOH immediately hydrolyzed EG to products
.d'sl\s/l‘)'ée'_? n '\fe.O.H CO”:a'“?‘é M 390"“”‘ Tﬁthf’dx'de' %C)S'SSO'Ved 4 @nalogous to citrulline (ethylurea) or omithine (ethylamine),
in MeOH containing saturated sodium methoxide, and (D) measured g, o the1690 cnr? band in Figure 2D is-40 cn higher

as a film dried down frm 1 M KOH/MeOH. Spectrum D, measured . . .
using a 3M IR card, was similar to that measured using a film dried " frequency than any comparably intense band in standard

down on a Cafwindow (not shown). In (A), the solid line represents  reference spectra of methylurea or ethylamine.
data from a crystalline sample freshly dissolved in reagent-grade  The aforementioned facts suggest that films made by air-
methanol. The dotted line represents an identical sample flrstlncubateddrying alkaline solutions of EG probably contain principally

for 5 hin 1 MNaOMe/MeOH (during which time an aliquot was taken L
to measure a spectrum similar to that of (B)), then acidified by gently EG'OH" (as well as KOH and KCl), rather than deprotonated

bubbling HCI gas through the solution for 1 min. The liquid spectra EG ©OF @ hydrolysis product of EG. We conclude that true
were all measured using a &fn path length and similar concentrations ~ deprotonated alkylguanidine species exhibit only downshifted,
of EG—CI (~20 mM). However, the ethylguanidine spectra (B and C) not upshiftedyc—n frequencies, as exemplified in parts B and
were rescaled by a factor of5 relative to the ethylguanidium spectra  C of Figure 2, and that the IR spectrum shown in Figure 2D
in (A), to compensate for the weaker IR absorbance of the deprotonatedcorresponds principally to (solid) ethylguanidinium hydroxide.

species. . .
P Our results and interpretation are supported by what has been

In the deprotonated state, there appears to be a significantobserved with deprotonated guanidine itsélin this case,
decrease in the integrated intensity of theCstretch vibra- ~ Simple air-drying from an ethanolic hydroxide solution was
tions. (Note the scale change between parts A and B of Figurefound to yield principally solid guanidinium hydroxide. Guani-
2). The strongest IR absorption band shifts down in frequency, dine itself was generated only by intensively vacuum-drying a
from ~1675 cnt! in the protonated state to1639 cnT? in pure stoichiometric preparation of guanidinium hydroxide in
the unprotonated state. In addition, new bands are seen at 1608he presence of s, a strong desiccant. The published IR
and 1566 cml. The latter two bands are also observable as SPectrum of the resulting ultra-dry guanidine fifhwas quite
weak shoulders appearing only at high pH in the previously an_alogous to our spectrum of MeOH-d|_ssolved ethylguan_|d|ne
published comparison of arginine at pH 5.6 and ZHawever, (Figure 2B). The degenerate asymmetiicny mode of guani-
it is now apparent that the latter spectrum of arginine at pH dinium near 1650 crm drops in frequency upon deprotonation,
11.2 corresponded to substantially less than 100% deprotonatiorfiving rise to two strong guanidine IR bands at 1603 and 1469
of the arginine side chain. The previously published spectrum M+ that were assigned asc-n modes. A weaker band
was approximately matched by a computerized addition of our remaining near 1650 cm was assigned as@&NHp) in-plane
spectra of protonated EG (Figure 2A) and deprotonated EG Scissor vibration. By analogy with these assignments, we assign
(Figure 2B) in an approximate ratio of 1:3, suggesting that 75% the new 1600 and 1566 crh bands in the ethylguanidine
deprotonation of the arginine side chain had been attained atsPectrum (Figure 2B) to downshiftedc-n modes and a
pH 11.2. This could be an overestimate, however, since the Significant portion of the residual intensity at 1639 ¢hto the
persistence of a band nearl675 cnt! in our spectrum of O0(NH,) scissor mode. The remaining intensity at 1639-&m
deprotonated EG (Figure 2B) probably signifies that our sample @s Well as that near 1675 ct are likely due to residual
also contained a small amount of protonated EG. protonated EG in the saturated sodium methoxide solution.

We checked for reversibility of the deprotonation of EG in 1 It might be supposed that deprotonation of the guanidino
M sodium methoxide by measuring its spectrum after reacidi- group should give rise to an upshift in the highesgt y
fication (Figure 2A, broken line). While the spectrum of the vibrational frequency, due to the increased bond order expected
reacidified species shows some measurable changes, mosfor the C-N bond where deprotonation occurs. However, this
spectral features correspond to those of the fresh-EG argument neglects the effect of coupling with the-lIH in-
indicating that the deprotonation was largely reversible. plane vibrations, which lie in the range 1100600 cnt!. Such

We attempted to bring about more complete deprotonation coupling tends to raise the frequency of the higher frequency
of EG by using higher concentrations of sodium methoxide in asymmetric vc—y Vibrations. Deprotonation eliminates this
methanol. The results with a saturated solution, shown in Figure coupling of the two asymmetriec_y vibrations to an N-H
2C, suggest that there are more than two species involved inbend vibration, lowering the frequency of the former. This effect
this titration. While a~1600 cnt! band attributable to eth-  was analyzed at greater length for guanidinitfA.completely
ylguanidine continues to increase in intensity at the higher analogous effect is also well-known for Schiff bases, which
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TABLE 1: Observed Frequencies for EG Salts in the Solid
State (as Films)

counterion ve—n frequencies, cmt?

Brt 1652 1618 1176 Q

CI2 1652 1623 1173 S

phenolaté 1680 1640 1198 <

acetate 1686 1614 1192 2

carbonate 1695 1643 1202 ©

OH™ 1693 1663 1183

aFrequencies are reproducible to 2 ©iP Spectra not shown.

¢ Spectrum presented in SI-1 of the Supporting Informatiohaken . .
from the spectrum in Figure 2C. 1300 1200

wavenumber (cm™)

likewise show deprotonatee-v frequencies that are typically  Figure 3. IR spectra of EG salts measured in nonpolar solvent
10-30 cnttlower in frequency than those for the corresponding (C?HCIly/MeOH) showing the counterion dependence of they
protonated speciés. vibration near 1170 crt. Indicated band positions and tick marks

Effects of Counterion in Ethylguanidinium Salts. It was correspond to the center of the best fit of the 120060 cnt* range
noted previously that for guanidinium compounds in the solid ' @ Single Lorentzian peak shape on top of a sloping baseline.
state there are small changes'iny frequencies dependingon  tagLE 2 a
counterion'%19We observed even greater effects for ethylguani-
dinium in the solid state (Table 1). Even limiting ourselves to

observedc—y frequencies, crmt

several of the counterions that are likely to be found as arginine counterion ‘H-exchanged ’H-exchanged

counterions in proteins (bromide, chloride, and carbonate, plus |- 1670.4 1626.5 1179.7 1606.4 1581.4 1135.1
phenolate and acetate as models for the side chains of tyrosine Br~ 16725 1627.0 11814 16059 1581.2 1136.2
and asparate or glutamate), we find a substantial variation. The C€I” 1673.3 1632.7 11822 1606.0 1581.1 1136.5

highest frequencyc_ vibration, for example, is nearly 45 cth acetate  1683.1 1636.3 11855 16058 15859 1139.9

higher in frequency in the carbonate than in the halide salts, 2 All wavenumber values are taken from bandfits to spectra shown
with the phenolate at an intermediate position. in the Supporting Information. A representative portion of some of these

From the results in Table 1, one can generalize that ions spectra is shpwnin Figun_a 3. Fits were performed generally as d_escribed
forming stronaer H-bonds rod,uce highes_ frequencies, at previously!! i.e., to 4 Voigtian bands, labeled-#D, plus a sloping
g g p 9 N Ireq ' baseline in the 17251570 cnT! region of SI-1; to 1 band, labeled E,

least for the most intensec_y vibration (1656-1700 cnr?). plus a sloping baseline in the 1170180 cnt? region of SI-1; to 2
The highest values for this frequency in ethylguanidinium are bands, labeled A and B, in the 1725570 cnt? region of SI-2, and to
seen with the oxyanions (phenolate, acetate, or carbonate). band, labeled C, in the 1130140 cn1? region of SI-2. Band centers
Furthermore, oxyanions with a capability of simultaneously in this tabh_e are estim_att_ad to_be accurate to _0.51mm better based on
forming multiple O+-HN hydrogen bonds seem to produce the repeated fits with variations in the fitted region, number of peaks, etc.
very highest ethylguanidinium frequencies. (However, this last ylguanidinium containing'H or 2H at its five exchangeable
generalization may be contradicted by the case of the hydroxideproton positions.
salt, if that is indeed what the spectrum in Figure 2C represents).  The results of our measurements of the anion dependence of
However, solid-state spectra are of limited value because eachall three vc_y modes are presented in Table 2. (The spectra
EG cation is surrounded by multiple anions in an arrangement themselves are presented as Supporting Information.) These data,
that may vary considerably due to crystal form. The effect of a which were obtained on samples completely independent of
single counterion on EG in a nonpolar solvent is of considerable those presented earli€rconfirm the anion dependence of the
interest for several reasons. First, this system is expected toy._y frequencies and provide more accurate values for them,
model closely the vibrations of an isolated ion pair, which is especially for the vibrations in the 1180200 cnt? range.
more amenable to calculation than systems involving more It should be noted that the frequency of the strongest
molecules. Second, an ion pair in a nonpolar solvent may be absorbing band in the EGDAc spectrum listed in Table 2 is
expected to resemble rather closely a hydrogen-bonded salinearly 20 cm? lower than that given in the earlier refereriée.
bridge buried within a hydrophobic region of a protein. Such The cause for this is the different spectral regions fitted (+725
ion-paired arginines within hydrophobic protein regions are 1540 cnt? in the earlier fits; 17251570 cn1! in the current
known from protein structural work and are potentially expected fits), along with the absence of a return to baseline of the-EG
to play a role in important processes, e.g., in binding anions as OAc spectrum anywhere in the region near 1550 dmThe
they are transported across a hydrophobic transmembraneits of the acetate salts in this region are therefore much more
channel. susceptible than the other salts to choices in number of bands,
Previously, it was demonstrated that a solvent system of baseline, etc. The earlier choice for the number of bands (five)
CHCIls/MeOH 97:3 is capable of dissolving EG ion pairs at a led to the fitting program finding several nearly equal bands
concentration sufficient to obtain good IR specir&ffects of associated with a single intensity maximum near 1606'%cm
different anions on the EG bands near 1670, 1630, and 1180This led to a fitted frequency which, although it was very
cm~*were noted. However, the accuracy of spectral frequenciesreproducible under the stated conditions of the earlier fits, we
for the ~1180 cnv! vibration was limited by the presence of now consider not to be directly comparable to those of the other
nearby solvent absorption bands. salts, which never gave fits with multiple bands under the 1606
To confirm that this vibration is indeed counterion-sensitive, cm~! maximum. Other smaller discrepancies in frequencies
we have obtained additional spectra from the same salts, usingbetween Table 2 and the earlier table are likewise explained by
C?HCl; instead of GHCI3 in the solvent mixtures (Figure 3).  minor changes in fitting conditions. In every case, the current
The nonexchangeable deuterium on the chloroform does notchoices are justifiable based on the spectra in the Supporting
interfere with measuring accurate spectra separately of eth-Information.
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Interestingly, in the?H-exchanged sample, only the lowest 1665 cm” 1591 cm’”
frequency vc—y mode, near 1135 cm, shows a reliable ° P
monotonic counterion dependence, i.e., a frequency that con- * ‘ﬂ}]}ﬁ, * .De
sistently increases with increasing H-bond capacity of the anion. b ‘m%ﬁ? C)“‘WO\» @
From this, we conclude that the anion dependence of¢hg hd De hd Q :ﬂﬂ]ﬂ%

modes in the nondeuterated samples is largely a reflection of
their coupling with in-plane hydrogen bending motions in the
1200-1600 cnt! range. These frequencies are expected to be
directly affected by the H-bonding force field of the anion. The
stiffer the H-bond, the higher the in-plane hydrogen bending m,-

frequency, and the higher the coupbesl y frequencies. In the @ b @
deuterium-exchanged ethylguanidinium, however, the in-plane m' Q‘

deuterium motions are significantly downshifted, to below 1000
cm~110 At this low frequency, they are capable of effectively

1177 cm’ 1068 cm”

coupling only to the lowest frequenay—y mode. 994cm’ o
Effects of Solvent Environment on the G=N Stretch ° .

Frequency. In addition to counterion effects, it would be \ﬂlﬂ]ﬂ%@ @

desirable to be able to use measured vibrational frequencies of « .(/ﬂ]]]?.

arginine residues in proteins to determine the nature of nearby
neutral molecules (other amino acid side chains and/or solvent).Figure 4. Mass-weighted atomic displacements for five normal modes

To this end, we compare EG frequencies in several different discussed in the text. The frequencies and displacements were obtained
solvents. directly from the output of published GAUSSIAN94 calculations on

The three &N stref[ching vibrations of EGCl are at 1673, ﬁtsri‘zgg;?\lr}ﬂgf nswo;:tc\llg:g’é and converted to a graphical format by
1633, and 1182 cmi in CHCly/MeOH 97:3 (Table 1 and ref
11); at 1673, 1635, and 1180 cfin methanol (Figure 2A); at  hand, apparently exceeds the solvation effect of neutral H-bond
1673, 1648, and 1183 crhin dimethyl sulfoxide (DMSO; data  acceptors such as;8, DMSO, or MeOH, even though multiple
not shown), and at 1674, 1635, and 1180 érim H,O (data solvent molecules undoubtedly form H-bonds with the guanidino
not shown). The last set of frequencies are very close to thosegroup.
measured for aqueous arginine hydrochlofidéhese results To test such effects with greater assurance, however, it will
would seem to indicate that the threg n bands of arginine,  be necessary to find other solvent systems, especially solvents
at least as the chloride salt, should be quite insensitive to solventeven less polar than CHZMeOH 97:3 or DMSO, in which
environment. (The relatively weak middle band near 1630'cm  pairing between alkylguanidinium and its counterion can reliably
shows the largest solvent dependence, about 8 dower in be shown to occur.
frequency in nonpolar solvent.) This result appears consistent
with an earlier conclusion from ab initio calculations that Discussion

H-bondmg tg solvent (kD) should have little effect omc-n Our IR spectra of PN],-thioethylguanidinium bromide allow
frequencies! o . . a fairly detailed empirical assignment of the-@ stretching
~ However, EG exhibitsvc-y frequencies that are anion- yiprations of arginine’s side chain. The observed isotope shifts
independent in the polar solvents (MeOH, DMSO, an®H  confirm the commonly accepted view that two strong charac-
spectra not shown), whereas they are anion-dependent in aeristic IR bands near 1620 and 1670 ¢ngorrespond largely
nonpolar solvent (Table 1; see also spectra in SI-1). Thus,tg C—N stretching modes. Contrary to the conclusions of
significant differences are observed betweemifia, frequen-  previous studies, however, a comparisori®df isotope shifts
cies of EG acetate measured in Clgfﬁiethanol (97 3) and in suggests that the majonty of the reman’ung—n stretch
a polar solvent such as methanol. Specifically, the strongest IR character is at-1170 and~1085 cntl, rather than 922 crit.
band of EG acetate is found at 1682 tnin nonpolar solvent Recent ab initio density functional calculations of the
(Table 1), but at 1673 cnt in methanol (data not shown). geometry and force field of ethylguanidinium chlori@ipredict

As discussed above, the widest variationdgny frequencies vibrations having significant €N stretch character at 1665,
of EG salts is actually seen in the solvent-free solid state. 1591, 1177, 1068, and 994 c¥y remarkably close to the
Compared to the large effects of the counterion, there is no frequencies of 1656, 1614, 1170, 1087, and 922 'cthat we
simple relation that can yet be discerned between solvation andhave observed to downshift upo#Pl], isotopic substitution
C—N stretch frequencies of the arginine side chain. In general, of thioethylguanidinium bromide (Figure 1). Ab initio calcula-
however, it appears that solvation by a strong H-bond-acceptingtions also reproduce, to within30%, the observed isotope shifts
solvent may compete with counterion pairing in raising the of each of these bands upon eith&iN], or [2H]s substitution
highest of therc_y frequencies. The lowest value that we have (Figure 1 and Table 2, respectively). They thus confirm the
observed for this frequency, 1652 cin occurs for the empirical assignments described above and provide a quantita-
“weakest’counterion, Br, without solvent present. This fre-  tive description of the character of each mode. Conversely, the
quency is raised either by adding solvent (even one as nonpolarobserved bandshifts in the current work provide a useful test
as CHCH/MeOH 97:3) or by switching to a stronger paired of the accuracy of the ab initio calculations. Together, the close
counterion. The effect of both switching the counterion to CI agreement between theory and experiment indicates that the
and solvating with CHGIMeOH 97:3, which raises the energy-minimized geometry and force field of the arginine side
frequency to 1673 cni, just about matches the effect of chain complexed with halide ions have now been modeled with
dissolving in a single-component H-bond-acceptor solvent such considerable accuracy.
as HO, DMSO, or MeOH. The added counterion strength ofa  Figure 4 presents a graphical representation of the mass-
single paired oxyanion such as phenolate or acetate, on the otheweighted displacements in each of these five normal modes,
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based on the ab initio calculatiddThe displacement demon-  arg82— cys with thioethylguanidinium attached to position 82
strates that the symmetric-\ stretch character is divided (U. Alexiev, M. S. Hutson, and M. S. Braiman, unpublished
between the vibrations at 1068 and 994 @émwhere it is data). The assigned-EN vibrational frequencies do not support
strongly mixed with other internal coordinates, especially the the proposal that arg-82 forces the release of a proton from a
C—C and C-N stretch motions of the alkyl side chain. The nearby water molecule to form arginine hydroxide. However,
displacement vectors in Figure 4 also indicate that, in the 1177 deprotonation of arg-82 itself is not ruled out by these data.
cm~! mode, the &N bond to the alkyl-substituted nitrogen
accounts for most of the guanidino-®! stretch character. In Acknowledgment. This work was supported by NIH Grant
this mode, the motion of the two terminal nitrogens, which GM46854. D.M.B. was supported in part by Molecular Bio-
reflects for the sensitivity of this mode to isotope substitution physics Training Grant GM08323. We are grateful to Carl
at these positions, involves-NC—N bending as well as €N Trindle for many useful discussions and to Richard Krebs for
stretching. obtaining confirmatory IR spectra of thioethylguanidinium

Spectra presented here also provide a model for what is bromide.
expected to happen to the strongest arginine IR absorption bands
when this residue is subjected to various perturbations withina  Supporting Information Available: IR spectra over the
protein, e.g., during transmembrane anion transport or during entire 1806-1100 cnt? region of the acetate, chloride, bromide,
an enzymatic reaction. Deprotonation of arginine’s side chain and iodide salts of EG in chloroforrifl]-methanol (97:3) are
is expected to lead to an overall decrease in absorption strengthincluded as Figure SlI-1. In the region from 1540100,
along with 56-100 cnm* downshifts in the strongc-n modes deuterated chloroform was used to eliminate interfering solvent
to ~1600 cn1. If the arginine participates in a salt bridge within  vibrations; vertical scales of spectra in this region were carefully
a nonpolar region of a protein, substitution with a different scaled to correspond to show correct absorption strength
counterion can lead to shifts of upte40 cnttin the strongest compared to the 18001540 cnt! region. Also included in
ve—n Vibration in the range 16501700 cmi™. In general, the  Figure SI-1 is the spectrum of a dried film of EG acetate. Figure
weaker the H-bonding tendency of the counteranion(s), the lower S|-2 shows spectra of the same set of EG salts but measured
the expected frequency. An arginine surrounded by a numberysing solvent containing Mel, resulting in deuteration of five
of weakly H-bonding T ions would be expected to give rise to  exchangeable positions on the EG ion. Deuterated chloroform
avc-n frequency near 1655 cmh On the other hand, surround-  was used for obtaining the entire spectral region. This material
ing the guanidino group with multiple strongly H-bonding anions s available free of charge via the Internet at http:/pubs.acs.org.
(e.g., glutamate or aspartate side chains or hydroxide) is expected
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