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.The. .proton magnetic resonance spectra of the cytlohexapeptido s
deferriferrichrome and its'Al}" chelate (alumichrome) dissoived in water
and in.dimethyl_sulfoxide are compared. The sﬁin—s;in coupling con- |
stants (Jﬁb) between the amide NH and Cll protons suggest that the metal
affects'tgéaoonformation of the G-NLaoetyl-54N%hydroxy-é~ofnithine side-
chains more than that of thé peptide backbone. The data are consistent
with a structufe containing two tianéannular H-bonds in both deferri-.

' ferrichrome and alumichrome ag in the Schwyzer model of cyclohexapep-
tides. Metal chelation induces chemical shifts which are pronounced
for all of the amide MNH®s and markedly reduces" the solvent interactions
with four of the NH's. .The solution conformation of the chelate is in
good agreement with the X—ray structure of crystalline ferrichrome A,

a closely related compound.
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;.-.Introducfion

PMR* ﬁas been recently proved to be a particularly useful tool
to study ;olution conformatibns and conformational changes in low
molecuiar.wéight peptides, depsiﬁéptides and macrotetrolides. Besideé
providihg-a direct method of observation'ofvthe particular chemical
environméhtiof'each pxoton, it allows a study of the kineticé of par-
ticular pfégesses‘sﬁch as'conformationglly—dependent isotope exchange.

Aftér a preliﬁinaryfstudy'at 100 MHz by Liquori & Conti (1968),
Stern, Gibbons & Craig (1968) reported:an‘analysis of the 100 and 220
MHz PMR spectra of the cqclic decapeptide gfnﬁicidin S-A. In order‘
to'expiain the amide proton (NH) rescnances in metbanol and DMSO, as
well asithe:obserVed HADFexchange kinetics,bthese auxhoré proposed a
model in'Which four aﬁidévnitrogehs>are H-bbnded to four amide carbonyl
oxygens acfoss the peptide ring. In this model'the remaining four

amide protons point.oux'of the rihé and may interact directly with the

solvent.

Comparative PMR studies on the hexapeptides cyclopentaglycyl-
L-tyrosyl, cyclo-pentaglycyl-l-leucyl and cyclo-diglycyl-L-histidyl-
diglycyl-L-tyrosyl in water, DMSO, and trifluoreacetic acid as solvents,
have been reported by Kopplé, Ohnishi & Go (1969a,b). On the basis of
the amide NH resonance positions (and their temperature dependence),
these authors classify the six amides into & group of four showing
resonances at lower field with a relatively strong temperature depen-
dence and a group of two whichloccur at higher field and are less

affected both by solvent and temperature changes. These observations



led Kopplé et al. (l969a,5) to suggest, for these three cyclic hexapeptides,
a conformation inw}ol\}ing two transannular H-bonds and four exposed‘ amide
hydrogenn;.in'analogy with gramicidin S-A. Such an anti-parallel B-pleated
sheet strdctune in solution had originally been advanced by Schwyzer (1958)
for cyclic nexapeptides and fo: gfdmicidin. From X-ray stﬁdies'on the
crystalline"substanéés’Hodgkin and Oﬁghton (1957) had independently proposed
a similar model for gramicidin S, while Karle and Karle (1963) found the
Schwyzer structure present in cyclohexaglycyl hemihydrate.
_ Solyent perturbation appears to affect the conformation of valincmycin,
a 36 membered cyclodepsipeptidé.' Haynes, Kowalsky and Pressman (1969) have
found that on additionvof‘ﬁater to avdry éolution of valinomycin in CDClB,
the NH tfiplet distorts to a.doublet due to a shift of the bigh field portion
of the triplet to‘ a lower field. Ivanov et al. (1969) also found similar .
effects when going from CCl, to (CD5)280. DMSO (éas = 46.6) has a highgr
dielectric constant than has'CCIh‘(st = 2,2) and since shifts to low fieldsn
‘may be associated with stronger hydrogen bonding; the Russian group proposed
that invcdiﬂ the conformation favors intramolecular H-bonding of all six
amides while in DMSO three of the amide protons:becOme H-bonded to the
solvent. This interpretation was found to be in agreement with the shifts
‘of the amide IR bands of valinomycin. ’
Thé temperatﬁre dependence of the amide proton resonance positions in
valinomycin and gramicidin S has been examined by Ohnishi and Urry (1969)
at 220 MHz. These authors showed that for valinomycin in methanol neither the
~ chemical shiﬂts nor‘their temperature dependences Qermitﬁed a distinction
between the amide protons. However, in DMSO the lower field group of NH
protons showed a stronger temperature dependence, this is in agreement

with the above interpretaxion that such protons might be more exposed




to the solvent. For gramicidin S the results were equally satisfying:

in methanol, the amide protons that had been associated with transannular

. H-bonding, irrespective of their'resonénce positions, displayed a decreased

temperaturé dependence.

The.mécfocyclic antibiotics’valinomycin, nonactin and the enniatins
are knéwn to activate membrane permeability to monovalent cations. Inter-
action bétwéén these antibiotics and the metal ion is & spécific means of
affecting their conformatipn and this might be.of'relevance to their bio-

logical mechanism of action. It was first shown (Haynes, Kowalsky and

‘Pressman; 1969) that'upon complexation of valinomycin with K+ and, to a

lesser extent, with Cs+’tﬁe»PMR spectrum is altered, suggesting a conformatioz-

al change. From the work‘of Ivanov,g§Hg;.A(l969) and the temperature depen-

 dence Stﬁdiés of OhniShi'and‘Urrys(1969)Agt 100 and 220 MHz respectively,

it was apbarent that ‘upon complexing K? all the NH entered into intramoleculer

.H-bOnds,' The lower temperature dependence 6f the amide chemical shifts were

induced by K+'but not by Na+, indicating.the specificity of #alinomycin for
.

In the.case of the cycliC~hexadepsipep£ide enniatin B, complexation éf
the cations was refiected by a change-of tﬁé J&é constant, wh;ch depends
monotonically upon thg fonic radius of the particular élkali cation (Ovchin-v
nikov et al., 1969). This is consistent wif.h a model where complexation
leads to a'fotation of the CO-NH pléne which results in an increase in the

¢ dincdral angle (Bdsall et al., 1966) from 130°to 160° which, in turn,
affects the'JNC>c6upling constant. |

Prestegard and Chan (1969) have reported a K' induced conformational
change in'the macrotetrolide nonactin. Uéon complexation, nonactin protons:

suffered changgs in chemical shif'ts and some changes in vicinal proton
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coupling constants were evident. These changes were K ‘titrable and

- allowed a calculation of the complex formation constant.

" Ferrichrome (fcm) is a cyclic ferric-hexapeptide which can be iso-
lated from 'normal iron* or (in deferri form) from low iron fermentations

with Usiiiago sphaerogena (Neilands,-1966). It contains three moles each

of glycine and S-Eraéetyl-&;Eghydroxy;é-Ornithine and the iron atom is
octahedrally coordinated to three hydroxamate groups as depicied in Figure.
l. Fcm and related substances act as growth factors for certain micro- 
organisms and have long been suspected to play a role in iron transport,
a function fdr which more’direct‘evidence has recehtly become'available
(Kniisel, Schiess and Zimmerman, 1969; Zimerman and Knousel, 1969, Emery,
1969; Pollack Ames and Neilands, 1970). |

. Even though the Schwyzer-confbrmaxion appears to.be satisfactory for
all the éyclic heiaﬁepﬁides Studiéd thus far in éolution, the presence of
a sequence of three_S-QFacetyl-8-§rhydroxys§—§rnithine residues.coﬁtaining
bulky side chains might;iﬁpoée serioué restrictions on the applicability
of this particular model to the metal-free peptide (deferriferrichrome:
dfcm) "As in the-case of the above mentibned K+'antibiotic complexes,
metal chelatlon by d;cm mlght result in further restrictlons in the ‘con-
formatlonal flexlblllty of the peptide backbone. Ferrlchrome appears |
thus to be an ideal model for conformational studiés. Furthermore, the
crystaliiné structure of feffichrome A tetrahydrate (fcmA-(Hao)&) has
been elucidated by X-ray techniqpes by Zalkin,~Forrestei and Templeton
(1966). FemA is a close analogue of ferrichrome which differs in that
two serines at positions 2 and 3 suhstltute for two glycines in fcm and

also in that the‘acylating group on the sgg-hydroxy-g—ornithine is B-methyl=-

glutaconic acid instedd of acetic acid. From its crystalline structure



fcmA appears to contain a single trahsannular 'H#bon_d , from the amide

nitrogen of ornithyl residue 3 to the ca.rborwl'omgen of seryl residue

2, and a s'*_.'ecénd H~bond between the two ends of ornithyl 2 as shown in
Figure 1. Using fomh as a plausible model for fem, it is apparent from

its crystalline structure t'hat the Schwyzer model does nqt apply to the
crystallihe' _cpnfozﬁa.tioﬁ 61‘ thve- ifoﬁ chelaﬁé, The question of the solution
conformation of fem a.ndvdfcxn remains uhé.nswered » however. In .this COom-
munication 'both aspects of the problem are examined via the info:mation
prmded. by 220 MHz PMR studies of d.fcm and the Al 5 complex of dfcm
(henceforth alm:.chrcme- alem). Fem itse.li‘ proves to be unsxu.ted for PMR
studies beca.use of hne—broadening by the paramagnetic ion. Substitution
of Al 3 for Fe *5 was suggested by the work of Anderegg, L'Eplattenier and

Schwarzenbach (1963) Qn.‘ metal cdnplexation by hydroxemates.

2 mterla.ls a.nd Methods

. Fem was' obtained from a lorw iron fermentation of Ustilago sphaprogena

and crystalllzed m;:e ﬁ'cm methanol as previous],y descri’bed (Neilands,
1952; Gariba.ldi and Neilands, 1955). chm was prepared by treating the
iron complex overnight with a 40 fold excess of 8-hydroxyquinoline in
methanol-wéter solution .follbwéd by evaporation, dilution with water and
extraction of the free and compie:éed 8-hydroxyquinoline with chloroform.
Alem was formed by allmng dfem to react in warm water with a
slight éxcess of freshly precipitated and washed All.(OH)5 and, after
cooling, the excess. gei_w_z;s filtered and discarded. The product was con=
centrated in water and further purified and desalted by filtration through
a column of Bio-gel P-2. After evaporation and drying under. reduced

pressure over s th_é hygrovscopic needles were crystallized once from

?205 |
methanol. The yield from fcm was 75%. The aluminum content by atomic

absorption analysis was 3.6% (theo. for 027}11&21‘!901?1,’3-.8‘;3)'. _’l‘itration



| of an alcm : solution with ferric chloride at pH 2; with subsequent adjust-
ment >of the pH to 7, gave a molar absorbancy at 425 mu equivalent to that
of fcm; Furthermore, crystallization of the complex from methanol, a sol-
vent from which dfem is not crystallizable, and the PMR spectrum (vide -
infra) confirms that the product is & 1:1 aluminum:peptide hydroxamate
chelate analogous to the iron chelate, ferrichrome, |

Dimethyl—dé-sulphoxide (Merc.k Sharp and Dohme of Canada Ltd. ) was
certified to be 99.5 atom % D. Water was quartz distilled. A peptide
concentration of approximteU 541(5 . (w/w) in the PMR solutions was found
to be optimu'xn' in terms of sensitivity and minimum line hfoahedng. The
solutions in d,-DMSO were pa.rtla.lly dehydrated by 'leaving them under 'neduced
pressure over P O5 for sewveral da.ys at room ten@eratnre with subsequent
replacement of evaporated solvent. All semples were degassed before the
spectral rnns. Aqueous solutions were not ‘buffered in the 1nterest of
simplifying -the interpreta.tlon of spectra. Dlrect ): 4 concentra.tlon deter-
mination in the PMR tube with a glass micro~electrode gave pH values of
5.2 and 4.3 for the a.lcm and’ d.fcm solutions, respectively. ‘A pH difference
of this magnz.tude is of little consequence considerlng the gross conforma~
tional effects we observe.

In the temperature dependence studies a minimum quantity of tert-—butyl
alcohol (TBA) was used as internal reference. Although such a standard |
introduces free hydroxyl groups in the DMSO solutions it was judged con-
venient, for ccmpa.rative purposes, to have chemical shifts measured with
respect to a common reference in both DMSO and H,0 solutions. TBA also
affords the .a‘dvantage of ease of removal from solutions by evaporation.
Spectra in DMSO are otherwise referred to internal tetramethylsilane (mvs).

Spectra were recorded at 220 MHz on a Varian }mQazo spectrometer,

The high field proved necessary to resolve most amide NH bands in dfcm and
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was very e’Onvenier;t for ol:serving amide IH resorlahces in H,0 as solvent.

It should be pointed out, however, that ttxe orverall effect of metal che-
latlon can be detected ‘easily at 60 m—:i. ~ Probe temperatures were deter-
mined with ethylene glycol accord:mg to the temperature calibration chart
supplied by Varian, Proton-proton spin decoupl:mg was achieved by double
irradiatieri _ef the :Eesonances at higher field while observing the sxgnals

at lower field A.'Ll proton assigmnents given here are based on decoupling .

experments as well as on the reported spectrum of dfcm in Dao at 60 MHz

(Zahner et al., 1965)

0 . Results' '

The'dfcm and alcm PMR spectra in'dG-DMSO at 15° ¢ are shown in Figure

o

'2a, b. Those regions of the spectra coupled by spin-spin intera.ctlon are

shovn connected by arrows. Identification of amide NH bands is readily
accomplished from previous PMR work on peptides which indicates their low
field resonance and their H-D exchange behavior in DZO;. The three nydroxamic
acid Nogi_'sb, which also resonate at low field and show a fast isotop2
exchange,"are readily distinguishéd from the amide NH's. Their chenical
equivalerice' results in a single PMR absorption devoid of structure since
there are no nuclei w:Lth vhich coupling could occur. Additional confirma-
tion derives from the area ratio of 3:1 for the total NOH to each single
N. The hydroxamate NOH band is of course absent in the alem spectru:n :
(Figure»2b'). since the metal ion has displaced these protons. Amide INi
resonances belonging to glycyl and ornithyl residues are easily recognized.
from their‘multiplet character, the former being triplets and the latter

doublets, This allows an arbitrary classification of other bands by

spin-spin coupling chain connections starting from a particular amide NH banrd.

On this basis Gy, (3 = 1, 2, 3) denotes that particular glycyl residue
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whose amide NH resonence is the Jth €lycyl eamide starting from low field

“upwards. - Such labelling of the amino ac_id.residues'is then referred to

a p'a.rticﬁia.r{ PMR spectrux:n:.tand‘ does not denote absolute location in the
cyclohexap_epfide becl_&bone-ge'quence H for this we resort to the convention
of us;ing .’_suﬁé;-indices (e.g-.‘ Gly? » § =1, 2, 3) in the ordering established
by Zalkin _g_t_;_ al. (1966) (see Figures‘ 1,5). Chemical shifts and relative
assignments are given in Table 1. . .
comérehenSion of the spectra ‘(Fi@re 2) is s:l.‘mplifieci if it is sub=
divided ihto'six regions, whi(:h from low to high ﬁeld are: (1) frem 10. 20
to 5.00 ppm, hyd.roxamic NOH and emide MH, (2) fram 5.00 to 3. 90, ormthyl :
CH, (3) from 3. 90 to 3.57 ppm, glycyl Colls (h) fram 3.57 to 2.30 PPm,’: ‘
ornithyl CgH, (5) from 2.30 to 1.85 PP, terminal ornithyl acetyl cga,j‘

A(6) ﬁ:cm l 85 to O S0 ppm, ornithyl C.H and Crl_{_.

B—
Upon heat:.ng the a.lcm solution to about 80° C ‘the water resonance’

shifts Lpf:.eld to revea.}. ‘two ne:.ghbor peaks centered at 3, 22 ppm, one

component is dlstlngulshable immedlately upf:.eld from the water signal
in F:.g:.re 2‘0. B | | ' _
We were unable to decouple ornitkwl Cﬁ_ ﬁ'om CyH dﬁe to their mla.r
chemical shifts. We succeeded in assigm.ng both the ornithyl C7H a.nd
5_}2 pos1t10ns m the dfcm spectrum but the chain correspondence to other
protons n.n the same residue rema:.ns undetermined |

Comparlson of Flgure 2a, b (see also Table l) shows that huge changes

are induced in the pept:.de PMR spectrum by the coordinat:.on with Al 3

This is esPec:.ally evident for the amide resonance region.‘ The amide NH che:LiCL »

' shlfts , which in dfcm are clu..tered in a region about 0. 6 ppm wide, become

spread over a region about 3, 6 ppm wide in alcm. This suggests that the

mean che:ucal env:.ronment of -the NH s 15 quite different on: going from the
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free tb:tﬁé chelated state. Othef 6pvious spectral differences résulting'
from metal complexation are the-foilowing: (1)-thexbverall Caﬁ'region'
moves ubfield for glycyl .and downfieid for ornithyl residues; (2) the
o) ornitbyl sidechain terminéi'acefyl methyl peak, a sharp single petk in
| the freé peptide, splitsvintovthree very close sharp peaks centered at
2.04 ppm and shifts ~0.1 ppm downfield; (3) the Cgi and c i regior,, which
gives a band centered at 1.6 ppm, decomposes.and'widens from 0.5 to 0.7 ppm
in the uprie1d diréction, and (4) the ng_péak~atv3.h8 ppm‘collapses and
new bands appeap'in the region 2.82-3.L45 ppm. |
For cﬁmparative purposés, the dfcm amide NH resonance region at dif-

ferent temperatures is shown in Figure 3a, b, in water and in DMSO, respec-

about | o N N

bere tively. From»iqspection of Figure 3a, b, it is apparent that the amide
M chemical shiftS'are quite sensitive to the solvent. At 2355°C, dfcm
amide NH's resdnate-in Q region of 0.37 ppmlwidth in water while in DMSO
the widthiof this region ié 0.57 ppm, suggesting the individual amide
pfotoﬁs ére mofe differentiated when DMSO is the solvent. It should also
be notiéedithat because of hydrogen exchangegwith:the solvent, the NH
'bandS'broadén much more in water than in DMSO as the tempefature is raised.

P;ots of the temperature dependénce of amide NH chemical shifts for
Fig. b the free and chelated peptidés, in water and in bMSO, are given in Figure
g%zzt L, 1In this figure the lines are least square fits of the experimental

- points and the resulting slopes are indicgted in parentheéis. In water

" (Figure h#) the dfcm Ng’s show a set of lines which differ little in slope;
_stch is not the case in DMSO where Gly3 and Orn3 Ng's (i.e., those reson-
ating_gt highest field for each émino acid set) show reduced slope# (Fig.
Lb). In the metal complex, however, only two amide NH's, namely Glyl and‘

Glyz,ii.e., those glycyl residues resonating at lowest field, show a large slope
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_the amdes.

The four"remaining NH's show a verjr much reduced temperature dependence

with slopes which are the smallest measured for any of the lines compared

here. This suggests ‘thenvtha't in alem the Ofnl; Glys,' orn, and Orn3 I'H's
are more restricted in their interact‘ion with the solvent. It should be R
noted that one amide, name.Ly ‘that of Orxl3 in alcm, shows a reversed (i e.
positive) slope, suggesting the inta'action of this proton with its che:nical

exwironment is therma.uy activated in a dii‘ferent way than a.re the rest of

Because .of their pertinence as confomation dependent parameters, the

amide Nh to CdH spin-spin couphng consta.nts J are given in Table 2 for

NC

both campounds in water a.nd in DMSO. The JNC's were measured at diiferent -

temperatures in the range fram 17.5° C to 100° C. Within experimental error

the JV‘Nc's‘.la.re independe:it of temperature; the resolution of ‘the multiplet
structure'_'shmfed»xﬁa:dma. at different témp’eratﬁfes ‘for the various ami‘de. | 4 ’
N_ﬁ_'s . hbﬁév’er. These observations might be related to a temperature depen~

dence of the’ H-g_ coupling and the: Nlh relaxation of the proton levels. For

glycyl 1m's, particularly for ;u% in both canpound:;, multiplet resolution
is poor and Jy. values are estimated from the line shape. Even though bet- |
ter static field homogeneity, ‘available at lower fields, results in enhanced
spin-spin splitting resolution,. study at 220’ MHz was vrequired‘in order to -

ach:.eve an adequa.te degree of resolut:a.on for the amide NH's in both compounds,

It should be emphasized however > that ornithyl N doublets were completely

resolved gnd tha.. JNC' values reported are accurate enough for the discussion

which follows.
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4, Discussion

In the Crysfa.l.lographic structure of fcmA elaborated by Zalkin et al.
(1966) only two ornithine an_u'.dé nitrogens are shown as H-bonded. Because
of H-bond stabilization, protons belonging to theée two amides should be
e.xpectea to show a decreased interactién with the solvent. Elegant H-T
exchange ‘experiments performed by Dnery (1967) by means of the Englandér

technique indicated that, depending upon the pH, from two to four slowly

- exchanging protons are present in fcm and femA. On the basis of the X~ray

structure for fcmA Emery proposed that besides the two H-bonded ornithyl
amides » which should '-bé expected to show a decreased rate of exchange,
the third ornithyl amide, i,e., that buried between the three tightly metal-

" coordinated ornithyl side chains and the peptide backbone ring at position

Ornl, would also show a slow rate of exchange with the solvent due to mere
stéric hindrance. . Furthermore » Emery also suggested that despite the absence
in _crysta]iine femA of H-bonding between tﬁé amide N of C%:Lv5 and the car-
bonylvoxy{f;'en of Ozm3 » such a transannular bridge could be presant in solution
in agreement with a Schwyzer type structure. This interpretation of the
isotope .excha.nge data is in complete agreement ’»Yith our fihding that four
alcm amide protons show chemical shifts with a decreased temperature
dependence, these belonging to one glycyl and three ornithyl residues.
Furthermére, in a preljminéry isotope exchange exper_iment where alcm was
dissolved in D0, we found that while the two low field glycyl NH's do
exchange at & rate too fast ‘to be measured by this techmque, the GLV3 amide

proton exchanges within a few minutes and the three ornithyl NH 's exhibit

- half lives of the order of days, the rate of exéha.nge being in the order

Orn2 > Ornl., > C)J:'n3 o
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| H-T exchénge_experizmnt.s showed very fast isotope exchange for the
cyclic hexapeptides dfcm, dfemA and c~[-Ala-I~Ala-Gly-I-Ala-Gly-Gly
(Emery, 1967). RR H-D exchange expériments carried out by Kopple et al.
(1969a, b) -'jon‘"c-Ghr-Gly-g—His;'Gly-Glya;pm and on c-Gly—Gh{-GIy-Gly-Gly;
LI-Tyr ‘have also indica.ted that the amides could not be distinguished on the
basis of" differences in exchange rate, However, in dfcm as well as in the

cyclohexapeptides studied by Kopple et al., two amide NH's showed chemical

shifts with a reduced temperature dependence in DMSO. In dfcm these two amides

" belong te one glycyl and one ’ornithyl' residue., It should be remarked that

such distinction does not appear when water is the solvent. We have found that

'direct cbservation of the H-D exchange i.mmediately 'upox:x dilution of the free
peptide m Déo fails to revea.l a'mr NH resonance and h'ehce at presﬂent the On.iy
evidence for amide proton stabiliza.t:.on, presumably by H-bondlng arises from
the temperature dependence of the chemical sh:. fts in DMSO. This is consistent
in dfcm and all the investigated cyclohexapeptides described thus far in
the literature with an antiparallel a-pleated_' sheet structure x-}ith bulky
side-chain :&esidues located at the ‘corners of & Scnwyzer type conformer.
The value of NH chemical shift temperature dependence studies is further sub-
stantiated by the monotonic correlation bet#een slopes and the observed
relative rate of H—D exchange for f.he case of alcm ornithyl and glycyl amides.
It is interesting to fmd that in all the cyclic hexapeptides thus far
studied by'VPMR, oﬁly NH shifps towards higher fields could be interpreted as
resulting i‘r;xn hydrogen bonding. This interpretation, arising from their
reduced tempera ture dependence, is in agreement with the Schwyzer structure
~ (Kopple et al., 19%69a,b). Furthermore the small rate of isotope exchange
and decrcased temperature dependence of" the chemical shifts of the valine

amide protons of gramicidin S accompa.nies a pronounced upfield resonance
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(stern et é;., l968;f0hnishi and Urry; 1969). It is, however, well
established that in the absence of any other perturbation, H—bonding
results in deshieldiﬁg of thé intervening proton (see e.g., Emsle&,
Feeney ‘and Sutcliffe, 1965). As Kopple has pointed out, the intra-..
moleéular'H-bonding gontribution to net shielding'of protons should be ‘
considered relative to that of protons H-bonded to the solvent; such high
dielectric constant solvents as Hzovand DMSO might deshield exposed NH
protoné more than trahsannular H-bonding to c#rbonyl groups, and these
thus apﬁear shifted'ﬁb high field. Besides the relative character of the
PMR H—bonding effect it'haé been argued that either the carbonyl n bond
lying next to the amiﬁe.ug on the same residue and/or its own amide x

electronic system, in a non-planar configuration, could result in aniso-

~ tropic diamagnetic shielding effects contributing to the observed chemical

shifts (Stern gé.g;., 1968; Kopple et al., 1969b); As judged from the
X-ray structure for fcmA, these diamagnetic éhielding'effects might con-
tirbute to the observed high.field resonances of Gly3 Kg and of at least
one of'the Oi"ﬂz’3 Ni's. It should be noted that non-planar amide bonds
are found in other cyclic peptides (Ramachandran, 1968).

The ‘amide NH's in dfem which exhibit the smallest temperature de-
pendence of théir chemical shifts in DMSO aré those glycyl and ornithyl
NH's which occur at highest field. 'Thié is in agreement with the generél

trend observed in other cye¢lic peptides, namely, that amide Ng’slshift to

‘high field when they are transénnularly H-bonded. Furthermore, orientations

3

of ‘che'Orn2 and Glyz C=O bonds relative to Gly~” and 0rn3 amide protons re-
spectiyely, should result in stroﬁg ani#otropic shielding effects if an
antiparallel B pleated sheet structure i; present. |

Inspection of Tables 1 and 2 shows that despite evident chemicai

shift differences, the values for amide Jﬁc show similarities between the
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free andvcomplexed peptide in DMSO. On this basis, the ornithyl JNC vaiues
in DMSO sﬁggest a correspondence between Orny (5.17), orn, (7.36) and Orn3
(8.56) in alem with Orn, (5.15), Ornj (7.148) and Orn, (7.86) in dfcm, re-
spectivelj. .It should also be noted that a complete parallel appears

for alcm JN values in H20 and DMSO except for the least accurately deter-

c
mined values, that for Gly3. Stern et al. (1968) have discussed comparative

evidence which indicates that for a given residue JNC might "be inversely
related to its @ dihedral angle and used this as another criterion for
deriving a plausible solution conformation for gramicidin S. Judged from

this standpoint, the correspondence‘established above for the JNc's strongly

auggests,théx the conformation of the peptide backbone in the metal complex

‘might not only be independent of the solvent but also, in DMSO, not influ-
enced by‘métal chelation. The less precise corresﬁondence between the JNC
values of dfcm and élcm in water suggests that the meaa éonformation of the
free peptide differs more from that of the chelate in this solvent than in
DMSO. Thié would indicate then that in going from one solvent to the other
some confqrmational'change mighﬁ be induced in the free peptide but not inv
the chelate. That metal chelation could result in a fundamental conforma-
tional change in agueous media'was'suggested'from the specificity of the

Pseudomonads Fe-1 peptidase (Neilands, 1967). This enzyme catalyzes hydro-

lysis of femA at the carboxy terminal position of the §-N-acyl-g-N-hydroxy-
géornithyl sequence but is inactive when dfcmA is the substrate.

Kopple et al. (196935 have tentatively suggested the éyclohexapeptide
backbone itself as'the most important factor defermining the conformation
rather than the two across~the-ring H-bonds. In this view the transannular
H-bonds would result as a consequence of the farticular structure assumed
by the peptide backbone when satisfying the cyclic condition. DMSO would

thus prove to be a more useful solvent than water for the detection of

3



e s b ——— ot wn
' .

7

intramolecular'H-bOnding even though the basic conformation might not

differ much;in ane solvent relative to the other. Besides its'stronger
H~bondihggeffeCt, water might also periurb the.Schwyier structure indirectly
by-solvation effects on the h&drokamate‘side-chains, this effect being more
pronounced in dfem than in alem- where these groups are more protected from
the solvent through coordination to the central metal ion. In the case of
fem, however, wvhat - would then be most interesting is that, as judged from
the JNC correspondence, ‘the. effect of metal chelation would not be so much
that of changing the most stable conformation of the peptide backbone but
rather tnat of 'freezing' it. -If such were the case, this would result in

better defining the particular amide proton environment in alem vhich, in

. contrast to the thermally averaged less stable conformations in the free

peptide,‘could result in the exaggerated Ng_chemlcal shift differences seen
between the free and chelated peptide. This would also explain why the

other cyclic_hexapeptides'studiedAthus far by PMR have not shown the proe

 nounced spread in'amide proton chemical shifts that we find in alem,

On the basis of the known bond angle dependence of the proton-proton
spin coupllng constants for a ,C"CH-CH system, Bystrov, Portnova, Tsetlin,
Ivanov and Ovchinnikov (1969) have proposed the semi-emplrlcal equation

Ipeli2 ) = (8.9  0.9)Cos 9-(0 9 * 0.9)Cos 6 + (0.9 * O. 9)sin26 that pro-
vides a qnantltatlve relatzon between the peptlde q>(=2h0 -8) dihedral
angle and the corresponding JNC
splittings; averaged from the water and DMSO solutions data, a correlation
can be established, within the accuracy of the coefficients of.the equation,
betveen the angles so obtained and those found by Zalkin et al. (1966) for

*

crystalline femA(H,0)), by X-ray data:

In applying this formula to the ornithyl amide
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orn, - 1060 f -0 | 1_1.050' ' Orn2
ormy &7 r22® . 16° orn'

Because of ‘the pericdic nature of their ﬁmctional"rélationship, t}%e
correspondenéé béf.weén Ixe aad4> ig not unique. Other roots of the equa-
tion render the alternative ‘correlation | B | |

Orna ’.910:12-0'- : e ornt

Orn, - 36° + 22° B > or’
e; p;ausible 6:_1e. We be]iesre,‘ howeitéif, the fomex.'. _assighment is more
realisticz._‘_Updn thermal mtivatioh'-'bn\} Vi ‘;:ecoﬁxe's" more deshielded (it is
the only amide proton that presents a positive slope in the chemical shift-
temperaturé A-depende’nce plots) sugge'stingr that'.it ;'beccmes .mo"re H—boﬁded as the
temperature is raised'and‘fhis could oﬁ.ly occur by solvent binding to the |
véry sheltered amide proton of Ornl.. Thié assigrment i’s; further substantiated
by the rate of amide H-D exchange in Dzd';- found to be Orn, > Orn,, vhich 1s

di'rectly. related to the "Sfa"bility' of the intramolecular H-bonds as :judged
from the X,—vrvay bond distances: ~ o | |
ornd NH**0=C - Ser® 2.-992"(»@;}: H-bond )
orn®  mgeeo-N orn® 2.808%

These daﬁa are in agreement 'withfthemsolvént indépendénce, reduced temperature_
dependence a_hd extreme low-field shift (as if in a very stable H-bond) of
the alem Orn | |

1

NH shown in Figure kc,d.
As a consequence of this absolute assignment for alcm we are able to

draw inferences concerning the conformation of dfcm in DMSO by consideration -

of our observé.‘cions in this solvent:
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(1) Fo:ddfcm Orn3'shows a'snaller'temperature dependence than~0rnl and
' Ornzif |
(2)e-Fron the corresnondence between the spin-epin coipling constants, JHC’
we are able to relate Orn (dfem) to Orn, (alem). ’
(3) From the absolute assignment 1n alcm, Orn, would correspond to Orn3.
From (2) and (3) it follows that Orn3 (dfcm) should correspond to orn3 and
thus be transannularly H-bonded as in alem. This would require a reduced
temperature dependence of its NH chemical shift which indeed was observed (1).
For dfcem in DMSO we find that the Gly3 and Orn3 amide NH's show a re-

duced 1nteractlon with the solvent.,-Since in the metal free peptide the

~ornythyl sidechains are'free to move in the solvent, steric hindrance of

the Gly3 INH to interact with the solvent might not be its main stabilization
mechanism. The correspondence between alcm and dfcm JN values suggests 8

similar conformation for the pept1de backbone in both compounds hence ad-

-mission of H-bond stabillzatlon of Gly3 NH in dfcm would imply its presence

in the chelate. This further supports the view that both the chelate and

dfcm have the same. conformation in DMSO.

It should be remarked that even though our evidence is.entirely con-

sistent with‘a Schwyzer type structure for the.peptideAbackbone, it does

not prove that such a structure exists.. On the basis of the chemical shifts
alone, ‘there is no way by which PMR can dlstlngulsh whether 2 proton is H-
bonded or not, since anisotropic effects can always result in shifts of the
resonances in elther dlrection. Furthermore, the temperatﬂre dependence
studies can not decide whether an am;de proton is buried 1nternally, H-

bonded or both; it is only 8 measure of stability with regards to 1nteract10n
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with the solvent. In the case of the fcm peptides, hdwever, the relative

temperature independence of the JN coupling constants indicates that the - i

(o
overall conformation of the peptide backbone is not so affected by temper-
ature as .to be a‘pred_ominant cause for the observed temperature dependgnce
of thé'N_H_ chemical shifts. . This suggests that the protected amidé protons

| might.indee'd be directly thermally activated leading to a change in éhemicai«:s “‘;;
shifts of either sign. A final decision on the role of H-bond stabilization
may then be reached by combining the PMR and isotope exchange data with ob- ;
servations of.steric models. 'Inspection of CPK space filling models of o
theée molecules reveals a virtual conformtional'identity between the two
amide-carbonyl gfoupings' of‘GlyB-o‘rn3. Thus, a combination of hydrogen
bonding‘ and steric effects arise és plausible explanations of the amide
proton‘stabilization'. o |

T_ﬁe Ppicture that:, emerges from this study for the chelated peptide in

ig. 5 n _ '
bout solution is shown in Figure 5. In this conformation amide protons belonging

ere to residues C-lyl 'andlev.ya‘.are‘ freely exposed to the solvent while those -

belonging v*vbo Gl&3 and Orn3 are transannularly H~bonded. One of the remaining ‘

two amide protons is in a very lstable Hfbond bridging the amide nitrogen

of Orn2 to its own §-N-hydroxyl oxygen atbm and f,he' other, belonging to

Ornl, is deeply sheltered between the three chelated 6-_Ig~act;tyl-6 -N-hydroxy-

g—ornithine sidechains a.ﬁd the peptide cycle itself. This structure then

is not on]y ih agreement with the X-ray model, but slightly refines it by |
suggésting a. second transannular H-bond for the chelated peptide in solutiocz. ‘x

From our data the Séhwyzer representation could apply to the structure of

fcm in solution.. On a conformational map the relative depth of the potential

well of the Sc_:hwyzer conformation would 'incfez;se when going from water to

IMSO and even further in going from the free to the chelated state, irre-

spective of the solvent.
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Figure Legends

 FIG. 1. -Sfme;tere' of _ferri:}{_i'ozse:' cyclo-triélycyl-tri(5-_I\i-acetyl-
B-N—hydroeqr-L-ormthyl) Numbers i'nrcvircles labei re'sidues consistent
with the convention used by Zalkin et al. (1966) for fcmA. In fcmA L-
seryl res:.dues 1land 2 substitute for glycyl residues 2 and 3 in fcm,
respective,]y, a.nd the 5-N-acyl group on ornithine is p-methyl-glutaconic
‘acid instead of acetic acid. H—bonds found in crystal.l.ine fcmA are shown
: here by dottea lines. The meta.I_L is denoted by M and is shown ‘coordinated

by the threev hydroxamate ligands.

FIG. 2. The 220 MHz PMR spectra of deferriferrichrome (a) and alumi-

chrome (b) at 45° ¢ dissolved in d,-DMSO. The peak marked "solvent" arises

fram the residusl K in the dg-DMSO and thet marked H,0 results from the
water resi_dua.i after low pressure dessication over P2(_)5. In _(a.) t“he. '
re-sona.nce"at_i lcwest‘ field «és-ises from the NOH protons of the three &-N-
acetyle-S-g{;hydro:qi-;,—exlnithyl residte’s; the gfou’p cerfc"ered at 8.0 ppm is

. the é.mide_N_}_{_ protons of the six residues. In (b) the Nog'resona'.nces have

disappeared es they are'replaced by the metal and the NH proton resonances -

extend ﬁon{ 10 to 6.k ppm.l The peaks connected by the light arrovs are
 coupled .'by pfoton-proton spin-spin interactions and were detemined by
double fesonance. Thus, in (b), ‘bhe peak at 10.00 ppm arising from an
ormthine N‘I was observed Me applying a second radio-frequency fleld

in the _region of h.16 ppm until deccupl:.ng was observed thereby identi-

fying th.ls poi.rt as the Ornl CaH proton. This point was in turn observed

'until it became deeoupled from the Ornl c H proton, i. e., at 1. 18 ppm.

(%3
el
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FIG. 3. The amide N PMR region of dfcm in water aad in d DMSO

is shown in a and b respectively. Dotted lines indicate temperature
shifts of cha.racteristic reeonances. .’fn DMsO ’che peaks are further separated
than in H2

O where conrplete resolution for the NH s of Glya, f.xly5 a.nd Ornl
- is not achieved. | '

-

FIG. 4. The ‘nemperature dependence of the chemica.l shifts of the axnide
NH proto_n's of deferriferrichrome and of alumichrome in water and in DMSO. O ard G
denote “orn:i.tlwl' a.nd. glycyl einide nrotone, respectively, and the subindex refers <
the order in woich they resonate in scanning from low to high fields. The
numbers in parenthesis are lO: times the slope of the corresponding lines
expressed in the graph units, i.e., 5.2 = =542 x 10~ ppn/°C. ‘Tte chemical
shifts in both solvents were measured mth respect to internal TBA. In
a.q_ueous ‘solution of dfcm (a) the NH’s of Gly,, Glar3 and Orn, were nct com-
pletehr resolvedv at ‘al_l‘ temperatures and result in a complex ba.nd (see
Figure 3").. Positions of 'the individua.l resonances indieated by open circles
should be 1nterpreted as upper and lower f:x.eld boundaries of this urresolved

region; the nost uncertain assigmment is that for Gl;r3 NH.

VFIG'.. 5‘. ‘The solution conformation of alunx:ichrone. H atoms ar«< not shown
with the exception of the four amide NH's that manifeét reduced interaction
with the solvent; of these the one belonging to Ornl is buried between the
peptide backbone ring and the chelated ornithyl sidechains and the other
three are intramolecularly . H-bonded. 7The proposed H-bonds are: 1)
between the amide proton of (;Jrn5 and tne carbonyl oxygea of Gl? ; 2) between
the amide proton of GhP and the ”carbonyl' oxygen of Orn5 s and 3) between the

amide proton of Ornz and the S-N-hydrowl_‘ozqrgen atom on the same residue,
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The first and third were prédicted frém X-ray daia:andvthe second suggested
by this”wérk._ A distinction is made between more (---) and less (...)

stabile'HJbonds,

e

[
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Footnote

*Abbreviations used: PMR, proton magnetic resonance; ppa, parts per
million; "TBA, tert-butyl alcohol; TMS, tetramethylsilane; DMSO, dimethyl-
d6-sulfoxide; fcm, ferrichrome; femA, ferrichrome A; dfcm, deferriferri-

‘chrome; alcm, alumichrome.
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LEGAL NOTICE

This report was prepared as.an account of Government sponsored work.
Neitheér the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representatzon expressed or implied, with

-respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rlghts or

B. Assumes any liabilities with respect to the use of, or for damages

resulting from the use of any information, apparatus, method, or
process disclosed in this report. _

As used in the above, "person acting on behalf of the Comm1sszon
includes any employee or contractor of the Commission, or employee of
such contractor, to the. extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.’
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