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Abstract: Infrared spectroscopy (IR) is commonly used to study secondary structure of both peptides and
proteins. The amide | band is very sensitive to peptide secondary structure, and the conformation of a
peptide can be probed at the residue level by introducing site-specific isotope-labels into the peptide
backbone. The replacement of a carbonyl *2C with a 13C results in a ~40 cm™* shift in the amide I' band.
The amide | bands of specifically labeled helices should vary systematically as a function of the number
and relative spacing of the labeled residues; thus one should be able to describe the conformation of a
polypeptide in substantial detail by probing the changes in IR spectra as a function of the number and
positioning of isotope labels. In this study, we report IR spectra of a series of differently labeled helical
peptides. A series of 25mer peptides were synthesized based on the repeat sequence (AAAAK), We
have varied the number and spacing of the labels on each peptide and studied the changes in the *2C and
13C amide I' band due to label position. Our results indicate that changing the number of labels changes
the frequency and intensity of both the *2C and the 3C amide mode. We also found that varying the spacing
between labels causes these amide peaks to shift. Isotope labeling, combined with IR spectroscopy and
theoretical predictions, may generate a description of peptide backbone conformations at the residue level.

Introduction Typically, IR spectroscopy is a low-resolution technique for
studying proteins, analogous to ultraviolet circular dichroism:
the overall secondary structure content can be determined by
analysis and deconvolution of the amide | band, but the structural
elements cannot be assigned to specific amino acid residues in
the polypeptide sequence. However, residue-level information
can be extracted by introducing site-specific isotope labels into
a polypeptide. For example, whéfC of a backbone carbonyl

fis replaced with &°C, the amide | band of this residue is shifted
by about 40 cm?, typically bringing it outside thé2C band.
This isotope-shifted band serves as a local probe of the
conformation of specific residues or groups of residues. In recent
studies, this approach of “isotope-edited” FTIR has been used
to determine the conformation of specific residues within
proteins® probe proteir-protein interactiong,and study the
equilibrium and kinetics of the helix-coil transition in model
peptide 1! These experiments fill an important gap in

Infrared spectroscopy (IR) is widely used as a method for
determining the secondary structure of proteins and short
polypeptides and monitoring conformational changes upon
protein unfolding, ligand binding, or other functional activity.
Most studies have focused on the amide | band, which occurs
between 1700 and 1600 cfand has been assigned to a mode
consisting primarily of stretching of the carbonyl backbone. The
properties of this band depend on the secondary structure o
the polypeptidep-helices,-sheets, and random coil can all
be distinguished based on differences in the frequency, splitting,
bandwidth, and intensity of their amide | baridghis confor-
mational dependence can be attributed to differences in in-
trapeptide hydrogen bonding among the different secondary
structures and transition dipole coupling between amide | modes
of adjacent peptide moieti@sTheoretical and computational
approaches to relating the amide | bands of polypeptides to "’ > . X ) ) )
protein structure have been explored in detail, including normal- biophysical studies of protein conformation. High-resolution

mode analysi8, coupled-oscillator modefs,and ab initio (6) (a) Tadesse, L.; Nazarbaghi, R.; WaltersJLAm. Chem. S0d991, 113
calculation® 7036-7037. (b) Halverson, K. J.; Sucholeiki, I.; Ashburn, T. T.; Lansbury,
' P. T.J. Am. Chem. S0d.991, 113 6701-6703. (c) Gordon, L. M.; Lee,
K. Y. C.; Lipp, M. M.; Zasadzinski, J. A.; Walther, F. J.; Sherman, M. A;;
(1) Jackson, M.; Mantsch, H. KCrit. Rev. Biochem. Mol. Biol1995 30, 95— Waring, A. J.J. Peptide Res200Q 55, 330-347.
120. (7) Harris, P. I.; Robillard, G. T.; van Dijk, A. A.; Chapman, Biochemistry
(2) Diem, M. Introduction to Modern Vibrational Spectroscqopjohn Wiley 1992 31, 6279-6284.
and Sons: New York, 1993. (8) (a) Decatur, S. M.; Antonic, J. Am. Chem. Sod999 121, 11 914~
(3) Krimm, S.; Bandekar, JAdv. Protein Chemistry1986 38, 181—364. 11 915. (b) Decatur, S. MBiopolymers200Q 45, 180-185. (c) Silva, R.
(4) (a) Torii, H.; Tasumi, M.J. Chem. Phys1992 96, 3379-3387. A. G. D.; Kubelka, J.; Bour, P.; Decatur, S. M.; Keiderling, T. Rroc.
(5) (a) Bour P.; Kubelka J.; Keiderling T. Biopolymers2002 65, 45—59. Natl. Acad. Sci. U.S.A200Q 197, 8318-8323.
(b) Kubelka J.; Keiderling T. AJ. Am. Chem. So@001, 123 12048~ (9) Silva, R. A. G. D.; Nguyen, J. Y.; Decatur, S. M. Biochemis202 41,
12058. 15 296-15 303.

10.1021/ja037863n CCC: $27.50 © 2004 American Chemical Society J. AM. CHEM. SOC. 2004, 126, 2339—2345 = 2339



ARTICLES Barber-Armstrong et al.

techniques, such as multidimensional NMR spectroscopy, can 2L 0S 2L 1S 2138
provide very specific information about the conformation of
residues within peptides and proteins, but this technique is
limited in application due to large amounts of sample required
and time-resolution of experiments. UVCD is very sensitive
(requiring small amounts of dilute solutions), and can be used
to follow secondary structure changes as a function of time or
as a rapid-screening approach, but without residue-level infor-
mation. Isotope-edited FTIR holds the potential of providing
both local probes of secondary structure and the capability of
obtaining time-resolved information.

While previous studies demonstrate the potential of the
isotope-editing approach to elucidate residue-level information
on protein structure and dynamics, the full quantitative informa-
tion contained within the spectra has yet to be fully exploited; Figure 1. Ribbon diagrams of model helices illustrating spacing of labeled
in these studies, spectral differences are largely interpreted incarbonyls. “Labeled” backbone carbonyls are indicated in red. In the 2L3S
crude terms (“helical or not-helical) instead of specific quantita- PEPtide, the labels are separated by a full helical turn, but are aligned on
. . . . . the same face of the helix. This relative geometry is responsible for the
tive parameters (backbone torsion angles, distances/dimensiong,pjing behavior observed in the FTIR spectra.
of helices, etc.). However, we should be able to construct a more
precise description of backbone conformation from the data of the number and relative placement € labels. With a
available from isotope-edited IR experiments, since the coupling thorough set of correlations between amide | band characteristics
between amide | modes of labeled residues should vary and the geometry and arrangement of labels, it should be
systematically with the distances and angles between theirpossible to obtain detailed structural information (distances,
dipOIeS. In other WordS, pUShed a bit fUrther, one should be abletorsiona| ang|esy etc_) about the po|ypept|des by quantitative
to elucidate and quantitate subtle differences in backbone gnalysis of spectra of labeled peptides. We are seeking to
conformation (perhaps even differences which are difficult to proaden the applicability and clarify the information content of
resolve by NMR) by IR spectroscopy. isotope-edited IR spectroscopy via experimental and computa-

Even the “crude” information about the conformation of local tional studies of model peptides labeled systematically ¥ith
residues is clouded by limitations in our understanding of these in backbone carbonyls.
spectra. In studies of model helical peptides, frequencies and In this paper, we report IR spectra of a seried3af labeled
intensities of both thé?C and!3C amide | bands vary as a model helical peptides with twenty-five residues, based on the
function of location within the helix reflecting subtle differences repeat (AAAAK),. These peptides form stabke-helices in
in coupling betweeR?C and3C amide | modes, due to both  aqueous solution, and many experimental studies have demon-
differences in local backbone conformation and the relative strated that the central residues in these peptides are predomi-
placement of the labels within the hefiXhese variations may  nantly helical at low temperaturésWe have used these helical
overshadow spectral differences due to inhomogeniety in local peptides as a scaffold for arrangifgC-labeled backbone
environment, clouding interpretations of the isotope-editing carbonyls in different configurations, by varying the number
experiment in terms of residue-level differences in structure. of adjacent labeled groups and by varying the spacing between
Moreover, in most studies involving sequences taken from the labeled groups (for illustration, see Figure 1). The anide |
naturally occurring proteins or peptides, placement of labels is spectra in these peptides vary a great deal; botht4@eand
dictated primarily by the availability of specifically labeled 13C amide | bands can change by up to 10~érby merely
amino acids and the amenability of particular sequences to rearranging label placement with the helix. Correlations between
labeling. The number of labels used and their relative positioning these spectral properties and the relative geometry of the labeled
often varies a great deal from experiment to experiment, or evenresidues may be used as a guide in future studies for elucidating
within an experiment; for example, one region of a protein may specific quantitative parameters (distances, torsional angles, etc.)
be labeled at a string of adjacent residues, whereas in anothebout local regions of a helix backbone.
region the labels are separated form each other by one or more
residues. This variability complicates the quantitative interpreta- Materials and Methods
tion and comparison of the isotope-shifted spectra, since it ) ) ) ) )
remains unclear whether frequency differences observed are due Peptide SynthesisTen, twenty-five residue peptides based

to the conformations of the labeled positions or the arrangement©" the (AAAAK), repeat were synthesized, each differing the
and number of labeled residues. number and position of3C labeled residues (Table 1). All

peptides were synthesized on a Pioneer automated peptide
synthesizer (Applied Biosystems, Foster City, CA) using Fmoc
chemistry.13C labeled peptides were synthesized by addition
of N—Fmoc-1-13C—alanine at the designated position in
sequence. Peptides were purified using reverse-phase HPLC.

Unfortunately, there has been no systematic experimental or
computational study of how coupling betweg@ residues'“C
residues, an#C—12C coupling vary within a helix as a function

(10) Venyaminov, S. Y.; Hedstrom, J. F.; Prendergast, FRr@teins—Structure
Function and Genetic001, 45, 81—89.

(11) (a) Huang, C.Y.; Getahun, Z.; Wang, T.; DeGrado, W. F.; Gal, Am. (12) (a) Marqusee, S.; Robbins, V. H.; Baldwin, R.Rroc. Natl. Acad. Sci.
Chem. Soc2001, 123 12 11+12 112. (b) Huang, C.; Getahun, Z.; Zhu, 1989 86, 5286-5290. (b) Chakrabartty, A.; Baldwin, R. lAdv. Prot.
Y.; Klemke, J. W.; DeGrado, W. F.; Gai, Proc. Natl. Acad. Sci. U.S.A. Chem.199546, 141-176. (c) Shalongo, W.; Stellwagen, Frotein Science
2002 99, 2788-2793. 1995 4, 1161-1166.
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Table 1. Sequences of Peptides Used in This Study?

12000 -
name' sequence

unlabeled  Ae-AAAAKAAAAKAAAAKAAAAKAAAAY  —NH, 10000 2°C

1L Ac—AAAAKAAAAKAAAAKAAAAKAAAAY  —NH; = 8000 1

2L Ac—AAAAKAAAAKAAAAKAAAAKAAAAY  —NH; ‘e

3L Ac—AAAAKAAAAKAAAAKAAAAKAAAAY  —NH; S 6000+

4L Ac—AAAAKAAAAKAAAAKAAAAKAAAAY  —NH; s 65°C

N4L Ac—AAAAKAAAAKAAAAKAAAAKAAAAY  —NH; < 4000

2LT Ac—AAAAKAAAAKAAAAKAAAAKAAAAY  —NH, @

2L1S Ac-AAAAKAAAAKAAAAKAAAAKAAAAY  —NH; 20004

2L2S Ac-AAAAKAAAAKAAAAKAAAAKAAAAY  —NH;

2L3S Ac-AAAAKAAAAKAAAAKAAAAKAAAAY  —NH, 04

2L4S Ac-AAAAKAAAAKAAAAKAAAAKAAAAY  —NH; . . ,

2L5S Ac-AAAAKAAAAKAAAAKAAAAKAAAAY  —NH; 1750 1700 1650 1600 1550

2L6S Ac-AAAAKAAAAKAAAAKAAAAKAAAAY  —NH; Wavenumbers

3L1S AC-AAAAKAAAAKAAAAKAAAAKAAAAY  —NH, Figure 2. IR spectra of unlabeled peptide. Spectra were measured at 2,

4L1S Ac-AAAAKAAAAKAAAAKAAAAKAAAAY  —NH;

10, 20, 30, 45, and 6%C; changes in spectra with increasing temperature
are indicated by the arrows.

aUnderlined residues indicate location 'S€-labeled carbonyls.

IR Spectra of Peptides with Adjacent Labels Peptides 1L,
L, 3L, and 4L contain 1, 2, 3, and 4 adjacéf€ labeled
residues in the center of the helix, respectively; IR spectra for

The masses of purified peptides were determined by electrospray2
mass spectrometry, and all were found to be in agreement with

thT:_?legeCted \llall;es. on. T idual trif these peptides are shown in Figure 3; trends in frequency and
. S_amp e Preparation. 0 remove residua trifluoro- _,_intensity as a function of number of labels are plotted in Figure
acetic acid (TFA) from the pepude; as well as EXChange amide 4. Introduction of!3C labels at the backbone carbonyl results
N-=H to '\L_D’ about 2 mg of peptldg wlesre (,j'SS(,)lved Ird in a new, isotope-shifted amideldand,~40 cnt? shifted from

mL of 0.1% phosphonc acid/fD solution? '_I'_h|s mixture was the 12C band. Frequencies of tH&C and3C amide 1 bands
frozen and lyophilized to dryness. Lyophilized samples were for these peptides are given in Table 2. TR& amide | band

then dissolveddin _J'Opr'l‘ DZP' T_hel congent;ation Offth‘;’] peptide_ of 1L at 2°C is very similar to that of the unlabeled peptide in
was measured via the ultraviolet absorbance of the tyros'nefrequency, having maximum at1631 cntl. Addition of a

i — 1 — 1
residue (at 274 nm; = 1450 M™* cm )', ) second label causea 4 cnt? shift in the 2°C 12C amide 1
FTIR Spectra. Samples were loaded into a water-jacketed, band to~1635 cnt?, and this band continues to shift to higher

heatable solution cell with Cakvindows (Wilmad) and @ 50 o0 ency as the number of labels increases. Interestingly, when
um Teflon spacer. The water jacket of the cell was connected four adjacentiC labels are added to the N-terminus of the

to a refrigerated circulating water bath (Neslab) used to control eptide instead of the center, the frequency of:f@amide !
the §ample temperature. Spectra were measured on a BrukeEand is unaffectef At 65 °C, when the peptide is in the random
Equinox 55/.8 FTIR spgctrometer, with the sample gpmpartment coil conformation, the frequency of tAéC band does not vary
purged continuously with dry N Samples were equilibrated at as a function of the number of labels (Table 2).

the desired temperature for 10 minutes before measurement of 1 . o
spectra. Typically, 512 scans were collected and averaged at The *C amide 1 band of 1L appears at 1596 chat 2°C,

. _ d this band becomes an unresolved tail tofi@@band as
each temperature at a resolution of 4énSpectra of BO were an o
b P éhe temperature is increased to€h When the number of labels

is increased to two in 2L, th&C amide | band at 2°C is at
~1600 cnrl, shifted 4 cnt! from the band of the 1L peptide.
The3C band position does not change in the 3L and 4L peptides
Results (Table 2).

IR Spectra of Unlabeled Peptide The conformation of the The intensity of thé3C and*“C bands also vary as a function
unlabeled 25-mer peptide (Table 1) has been reported IoreVi_ofnumber of Iabeled.re5|du.es. As the number of Iab.els increases
ously; at 2°C, the peptide is helical, and undergoes a transition from 1 to 2, the'*C intensity experiences a large increase in
to random coil as the temperature incredsiig spectra of the  intensity, with a corresponding decrease H#C intensity.
amide I band of the unlabeled peptide at varying temperatures Ao_ldition of subsequent labels results in smaller intensity changes
are shown in Figure 2. At low temperatured °C), the amide  (Figure 4D).

I band is sharp with maximum at 1631 cinas the temperature IR Spectra of Peptides with Two Labels Spaced at
increases, the band decreases in intensity, broadens, and shift®ifferent Intervals. Spectra of the peptides 2L2T through 2L6S,
to higher frequency, until at 68C the band reaches 1645 cin which contain twd=C labels separated by 0 through 6 unlabeled
These spectra are typical of a model helical peptide in aqueousresidues respectively, are shown in Figure 5; trends in the amide
solution4 | band frequencies as a function of residue spacing are shown
in Figure 6. The 2L2T peptide has a very similar spectrum to
(13) Al FTIR spectra were measured in@ solution. Under these conditions,  the 2L peptide. As the peptide residues are spaced further apart,

the backbone amide protons of the peptides exchanged for deuterium. The .
amide | band of deuterated peptides is shifted to lower frequency and is the frequency of th&3C amide 1 band decreases (to 1590 tn

peptide spectra. All data analysis was performed using GRAMS/
32 (Galactic Software).

referred to as the amidé bhand. i i i i

(14) (a) Williams, S.; Causgrove, T. P.; Gilmanshin, R.; Fang, K. S.; Callender, n %IIZS)' The frequency |nc.regses with the 2L.35 peptld? (1596
R.'H., Woodruff, W. H.; Dyer, R. BBiochemistryLl996 35, 691—697. (b) cm™1), then decreases again in 2L4S and 2L5S (1592%m
Yoder, G.; Pancoska, P.; Keiderling, T. Biochemistryl997, 36, 15 123~ f ; ;
15 133. (c) Graff, D. K.; Pastrana-Rios, B.; Venyaminov, S. Yu.; Pren- then increases in 2L6S (1_594 CiLDI Inall cas_es_, the frequenCIeS
dergast, F. GJ. Am. Chem. S0d.997, 119, 11 282-11 294. of both the!2C and!3C amide 1 bands are similar at the 6%,
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Wavenumbers (cm™) Wavenumbers (cm”)

Figure 3. IR spectra of peptides with increasing number of labels (a) 1 L; (b) 2 L; (c) 3 L; (d) 4 L. Spectra were measured at 2, 10, 20, 30, 4%;.and 65
Intensities were calculated by dividing the measured absorbance by the path length (0.05 cm) and the concentration, as determined by thef absorption o
tyrosine at 274 nm. Errors in the intensities are approximatel9%.

14000 1640
[}
12000 A B . . .
1 16351
< 10000 | 1 . T g .
£ [} [} o -
C 8000 < J } £ 16301
i >
E 6000 -| 5
w g 1600+ . . .
4000
R
2000 =
¥ .
0l — : : : : 1595 L : : : :
0 1 2 3 4 0 1 2 3 4
Number of labels Number of labels

Figure 4. Trends in12C (squares) ané® C (circles) amide'lfrequencies (a) and intensities (b) as a function of number of labeled residues. Error bars
determined from standard deviations of at least four measurements (on different samples). Frequency error bars are smaller than s9r@bais {).
Frequencies and peak heights taken from spectra mesuretCat 2

Table 2. Amide I' Band Frequencies of Adjacent Labeled Discussion
Peptides at 2 °C and 65 °C? . . . . .
— PSS General Qualitative Observations.Consistent with previous
€ amide I'(cm™) =C amide I (em™) experiments, the frequency and intensity of #& amide !
peptide 2°C g5°C 2°C bands of these peptides vary with conformation. As the tem-
AKA 1631 1644 N/A perature increases, and the peptide changes conformation
%t 122% igig 1238 from helix to random coil, thé3C amide | band shifts to
3L 1636 1645 1600 higher freqyency and Qecreases in i.ntensity, becoming a poorly
4L 1637 1645 1600 resolved tail on the mait*C band. This can be clearly observed
N4LP 1633 1645 1598 even for a singly labeled peptide (1L); thus even a sifé§

a i labeled residue can be used as a local probe of peptide
Frequencies are the average of at least four measurements; errors are

all (0.2 cntY). b Data taken from ref 9. conformation. . ) )
While these spectra confirm that the isotope-edited IR method

where the peptide is mainly random coil. The frequencies of can be used to probe local peptide conformation, the qualitative
the bands are listed in Table 3. trends in spectral features as a function of the number and
IR Spectra of Peptides with Multiple Labels Spaced by positioning of labeled residues provides some useful insights
One Residue.Spectra of the peptides 2L1S, 3L1S, and 4L1S, and guides for the design of future isotope-editing experiments.
which contain two, three, and fodifC labels separated by one  One of the more striking observations is the significant variation
unlabeled residue, are shown in Figure 7. The frequencies ofin IR spectra as a function of relative positioning of labels,
both the?C and!3C labeled bands do not change significantly independent of local conformation and structural issues. For
as the number of labels is increased, but the intensity of the example, the frequency difference between @ amide 1
13C band increases with an increase in number of labels. bands of the 2L2T and 2L2S peptides is about 10§mhich

2342 J. AM. CHEM. SOC. = VOL. 126, NO. 8, 2004
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Figure 5. IR spectra of peptides with two labels spaced at different intervals: (a) 2L2T; (b) 2L1S; (c) 2L2S; (d) 2L3S; (e) 2L4S; (f) 2L5S; and (g) 2L6S.
Spectra were measured at 2, 10, 20, 30, 45, antids3-or each peptide, the errors in intentisities &E%.

1640 easily characterized than the spectra of peptides with adjacent
labels.
L] As one might expect, the relative intensity of tH€ amide
- I' band depends on the number of labeled residues present.
1630 - n However, the largest increase in intensity comes upon going
1 from one to two labeled residues; as the number of labels is
16007 o il increased beyond two, the intensity increases with a smaller
. slope (Figure 4b3> Thus, not only does increasing the number
° of labels reduce the residue-level resolution of the experiment,
it also has diminishing returns in terms of improvement in
relative 13C band intensity. Combining these two effects, the
: i : : : : : 4L1S peptide gives the best resolved, largest intensity arhide |
Y 1 2 3 4 5 6 band of the series. For probing-helices, the ideal isotope-
Number of residues between labels editing experiment might involve two or three labels arranged
Figure 6. Trends in12C (squares) anéfC (circles) amide’lfrequencies at a spacing of one or two residues apart.
as a function of spacing between two labeled residues. Frequencies taken Effects of 13C Labels on2C Amide I’ Band. Introduction

from spectra measured at°2. . . .
of one13C-labeled residue into the center of the helix does not

Wavenumbers

1590 ®

Table 3. Amide I' Band Frequencies of Peptides with Variably significantly perturb the frequency of tH8C amide 1 band
Spaced Labels at 2 °C and 65 °C 1 1 . .
(1632 cmtvs 1631 cm?), but the introduction of two or more
12C amide I' (cm™) 1C amide I' (cm™) labels results in a significant increase in tA& amide 1 (Figure
peptide 2°C 65 °C 2°C 4a). This is consistent with previous studies of isotope-labeled
p p
unlabeled 1631 1644 N/A helices in which peptides labeled in the center of a helix had a
2L2T 1635 1646 1600 12C amide 1 band shifted to higher frequency than peptides
2L1s 1631 1645 1592 labeled at the ends2 A block of labeled residues may disrupt
212s 1631 1645 1590 . . L
5L3s 1632 1645 1596 coupling betweer?C amide 1 modes along the helix; in other
2L4S 1631 1644 1592 words, the presence of the labels creates two unlabeled helices,
2L5S 1631 1645 1592 both much shorter than the original. These #%0 helices may
2L6S 1631 1644 1594

couple only weakly through the distance spanned by'#ie
labeled residues. Since shorter helical segments give rise to

is about as large as an amideband shift which arises from a ~ Migher frequency amide’ lbands, this results in a shifted,
conformational chang®? Thus, the results of an isotope-edited Ztofltﬁned’ a:jncli _broade_né?d: amlt(]:lehi in Eeptldzs il_‘ﬂth;(;;gh
IR experiment must be interpreted with caution; the number "d IIS tr)no de' IS consg;enlt \g'tl (tj € olse_rv? St IN ? o
and position of labels must be taken into account when making amide [ band in a peptide labeled exclusively at N-terminus,
qualitative comparisons of spectra of proteins labeled at different (15) This trend int*C amide 1 band intensity as a function of number of labels

positions. Moreover, since the “spaced apart” labeling patterns = suggests that there are some interactions betweeti@hend°C amide |

i it 1 i bands, and that the simple dipole coupling mechanism involving fully
increase the Spllttlng between th€ and**C amide | bands, isolated2C and13C modes is inadequate to fully explain the observed

the 13C bands in these peptides are better resolved and more  spectral trends.

J. AM. CHEM. SOC. = VOL. 126, NO. 8, 2004 2343



ARTICLES Barber-Armstrong et al.

12000

10000 |
&~ 8000
75 6000
£ 4000/
w

2000

1700 1600 1700 1600 1700 1600

Wavenumbers (cm™)

Figure 7. IR spectra of peptides with varying number of labels spaced alternately in sequence: (a) 2L1S; (b) 3L1S; (c) 4L1S. Spectra were measured at
2, 10, 20, 30, 45, and 6%C.

in this case (N4L; Table 2), th&€C residues still form a single 19987

helical segment, and the resultitiC amide 1 band frequency 1596 =

is not shifted significantly from that of the unlabeled peptide. > 1594

Since the!?C amide 1 band in 1L is very similar to that of the 2 1

unlabeled peptide, the presence of a single label is not sufficient §_ 1592'_

to significantly disrupt the coupling betweé?C amide 1 of £ 1590+

the helix. = 1588 ] . . " .
Correlations between Frequency Changes and the Helix =] 1 .

Structure. The variations in*C and'?C amide ! frequencies E 15887

correlate qualitatively with the labels position in the peptide  © 1584+

structure. For example, in Figure 5, the correlation between 1582 .

frequency and spacing between labels has the general shape of 1

a damped sinusoidal curve with “peaks” occurring at 2L3S and 1580 0 1 2 3 4 s 8

2L6S peptides. Structurally, these two spacings correspond to Number of residues between labels
having the labels separated by one turn and two turns, _ i . } .
. . Figure 8. Predicted frequencies éfC amide | band in double labeled
respectively (Figure 1). helices as a function of the number of residues between the labels.
Quantitatively, the trends observed in these spectra can be
described in terms of dipole coupling between the two labeled
13C amide | modes, as modeled by a simple dipolar interaction

Table 4. Amide I' Band Frequencies of Peptides with Multiple
Alternate Labeling at 2 °C and 65 °C

energy matrix. Following the coupled-oscillator approach of “Camide 1 “Camide 1
Torii and Tasumfi® the interactions of the amide | modes of peptide 2°C 2°c

two 13C residuesi and j, assuming no coupling with the unlabeled 1631 N/A
surrounding12C residues, can be determined by ax22 g:jg iggi iggg
interaction matrix, where the diagonal terms are the intrinsic 4L1S 1632 1596

frequencies of the individual modes and the off-diagonal terms
give the interaction energie¥(). These terms are proportional
to the dot product of the dipolegi(and y;) and inversely promise for the success of more sophisticated calculations.
proportional to the cube of distance between the dipdRg3 ( The combination of isotope-edited IR spectroscopy with spectral
simulation should enable the derivation of quantitative descrip-

Ve e 3(uj ) () tions of the helix backbone geometry.
ij 3
R; Conclusions
wheren is the unit vector along the line between diopales The?C and®*C amide 1 bands in specifically labeled helices

anduy. In other words, the coupling energies should vary with are rich with information about the relative geometries of the
the angle and distance between the dipoles of the amide | modedabeled carbonyls. On one hand, this means that isotope-edited
(which lie fairly close to the €O axis). Using coupling IR experiments should be designed and interpreted with caution,
parameters for an alpha helix given by Torii and Tasumi, we since large changes in th& amide 1band (10 cm® or greater)

have calculated band shifts based on this very simple (and crude)may be a function of label placement (separated versus adjacent)
dipole coupling model and compared them to the experimental rather than differences in backbone conformation. However,
results (Figure 8). The basic trend of the data for the first for these experiments also demonstrate that these band shifts can
peptides in the series is reproduced well by this simple model. be interpreted quantitatively in terms of the relative geometry
Deviations occur at long separations (for example, 2L5S and of the labeled carbonyls, opening the way to detailed quantitative
2L6S peptides); however, the modest success at predicting thedescriptions of backbone geometry. The combination of specific
coupling energies using this very simple approximation holds

(17) Huang, R.; Kubelka, J.; Barber-Armstrong, W.; Silva, R. A. G. D
(16) Torii, H.; Tasumi, M.Infrared Spectroscopy of Biomoleculégantsh, H. Decatur, S. M.; Keiderling, T. AJ. Am. Chem. So@004 126, 2346-
M., Chapman, D., Eds.; Wiley: New York, 1996; p-18. 2354.
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isotope labeling, IR spectroscopy (equilibrium or time-resolved), measured at the University of Massachusetts at Amherst mass
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