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• The Solution Conforniation of Ferrichrome,A Microbial Iron 

Transport CyclohexageRt 	as Deduced by High Resolution PMR 

Miguel L1ins4 , Melvin P. flein, and J. B. Nei1ands 

Deparient Of Bicchemistr/ and Laboratory of Chenical 

Biodynamics, Lawrence Radiation LabOratory*, University of 

California, Berkeley, Calif. 94720, U.S.A. 

Running Title: The Solution Conformation of Ferrichrczne 



Summary 

The proton magnetic resonance spectra of the cyclohexapeptides 

deferriferrichroaie and its Al3  chelate (alumichronie) dissolved in water 

and in dimethyl sulfoxidke are compared. The spin-spin coupling con-

stants () betweenthe amide KH and CJf protons suggest that the metal 

affects the conf ormat ion of the b_N_acetyl_b_N_hydroxy_L_ornjjfl side - 

chains more than that of the peptide backbone • The data are consistent 

with a structure containing two transannular H-bonds in both deferri-. 

ferricbrome and alumicbrome as in the Schwyzer model of cyclohexapep-

tides. Metal chelation induces chemical shifts which are pronounce ci 

for all of the amide NEt's and markedly reduces the solvent interactions 

with four of the NH Is. The solution conformation of the chelate is In 

good agreement with the X-ray struct'ux'e of crystalline ferrichroine A, 

a closely related compound. 
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.. Introduction 

* PMR has been recently proved to be a particularly useful tool 

to study solution conformations and conformational changes in low 

molecular weight peptides, depsipeptidee and macrotetrolide. Besides 

providing a direct method of observation of the particular chemical 

environment of each proton, it allows a study of the kinetics of par-

ticular processes such as conrorniationaily-dependent isotope exchange. 

After a prelim4nary study at 100 MHZ by Liquori & Conti (1968), 

Stern, Gibbons & Craig (1968) reported an ona1jsis of the 100 and 220 

MHz PMH spectra of the cyclic decapeptide grainicidin S-A. In order 

to explain the amide proton (IH) resonances in methanol and D)0, as 

well as the.observed H-D exchange kinetics, these authors proposed a 

model in which four ainide nitrogens are H-bonded to four amide carbonyl 

oxygens across the peptide ring. In this model the remaining four 

aznide protons point. cmt of the ring and may interact directly with the 

solvent 

Comparative PMB studies on the hexapeptides cyclopentaglycyl-

L-tyrosyl, cyclo-pentaglycyl-L-leucyl and cyclo-diglycyl-L-histidyl-

diglycyl-L-tyrosyl in water, DM50, and trifluoreacetic acid as solvents, 

have been reported by Kopple, Ohnishi & Go (1969a,b). On the basis of 

the aznide NH resonance positions (and their temperature dependence), 

these authors classify the six amides into a group of four showing 

resonances at lower field with a relatively strong temperature depen-

dence and a group of two which occur at higher field and are less 

affected both by solvent and temperature changes. These observations 



led Kopple et al. (1969a,b) to suggest, for these three cyclic hexapeptides, 

a conformation involving two transannular H-bonds and four exposed amide 

hydrogens, in analogy with gamicidin S-A. Such an anti-parallel a-pleated 

sheet structure in solutiozi had originally been advanced by Schwyzer (1958) 

for cyclic hexapeptides and for gramicidin. From X-ray studies on the 

cryst1 line substances liodgkin and Oughton (1957) had independently proposed 

a similar model for grarnicidin S. while Kane and Kane (1963) found the 

Schwyzer structure present in cyclohexaglycyl hemihydrate. 

Solvent perturbation appears to affect the conformation of vailnomycin, 

a 36 membered cyclodepsipeptide. Hajnes, Kowalsky and Pressman (1969) have 

found that on addition of water to a dry solution of valinnycin in CDC13 , 

the NH triplet distorts to a doublet due to a shift of the high field portion 

of the triplet to a lower field. Ivanov et al. (1969) also found similar 

effects when gOing, from CC3. 1  to (CD3 )2S0. DIVISO (c 	46.6) has a higher
25  

dielectric constant than has CC¼ (E 25  = 2.2) and since shifts to low fields 

may be associated with stronger hydrogen bonding, the Russian group proposed 

that in CC¼  the conformation favors intramolecular H-bonding of all six 

amides while in DM30 three of the amide protons -  bec me H-bonded to the 

solvent. This interpretation was found to be in agreement with the shifts 

of the amide IR bands of valinomycin. 

The temperature dependence of the aznide proton resonance positions in 

valinomycin and graniicidin S has been examined by Ohnishi and Urry (1969) 

at 220 MHz. These authors showed that for valinomycin in methanol neither the 

chemical shifts nor their temperature dependences permitted a distinction 

between the amide protons. However, in DM30 the lower field group of NH 

protons showed a stronger temperature dependence; this is in agreement 

with the above interpretation that such protons might be more exposed 



5 

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

in methanol, the snide protons that had beezt associated with transannular 

H-bonding, irrespective of their resonance positions, displayed a decreased 

temperature dependence. 

The macrocycic antibiotics valinc*nycin, nonactin and the enniatins 

are known to activate membrane permeability to monovalent cations. Inter-

action between these antibiotics and the metal ion is a specific means of 

affecting their conformation and this might be of relevance to their bio.. 

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

Pressniazi, 1969) that upon eomplexation of valinomycin with K and, to a 

lesser extent, with Cs+  the PMR spectrum is altered, suggesting a conformation-

al change. From the work of Ivanov at al.. (1969)  azid, the temperature depen-

dance studies of Ohnishi and Urry (1969) at 100 and 220 Mz respectively, 

it was apparent that upon coxrzplexing 1C all the NH entered into intramolecular 

H-bonds.. The lower temperature dependence of the snide chemical shifts were 

induced by K+  but not by Na
+ 
 , indicating the specificity of valinomycin for 

K . 

In the case of the cyclic hexadepsipeptide enniatin B, complexation of 

the cations was reflected by a change of the J
NC  constant, which depends 

rionotonically upon the ionic radius of the particular alkali cation (C)vchin-

nikov et a]., 1969). This is consistent with a model where canplexation 

leads to a rotation of the C0-.NH plane which results in an increase in the 

CJ dihedral angle (Edsall etal., 1966) from 130°to 1600 which, in turn, 

affects the iNC coupling constant. 

Prestegard and Chan (1969) have reported a K induced conformational 

change in the macrotetrolide nonactin. Upon complexation, nonactin protons 

suffered changes in chemical shifts and some changes in vicinal proton 



• 	coupling constants were evident. These changes were 	titrable and 

allowed a calculation of the complex formation constant. 

Ferrichrome (1cm) is a cyclic ferric-hexapeptide which can be iso-

lated from 'normal iron' or (in deferri form) from low iron fermentations 

with Ustilago sphaeroena (Neilánds, 1966). it contains three moles each 

of glycine and 5-11-acetyl-8-'N-hydroxy..L-ornithlne and the iron atom is 

Fig. 1 	octahed.rally coordinated to' three bydroxamate groups as depicted in Figure. 
about 
here 	1. Fcm and related substanoes act as growth factors for certain micro- 

organisms and have long been suspected to play a role in iron transport, 

a function for which more direct evidence has recently become available 

(Knuisel, Schiess and Zixrunerman, 1969; 7eruan and Krisel, 1969; Emery ., 

1969; Pollack, Ames and Neilands, 1970). 

Even though the Schwyzer conformation appears to be satisfactory for 

all the cyclic hexapeptides studied thus far in solution, the presence of 

a sequence of three 	 residues containing 

bulky side chains might impose serious restrictions on the applicability 

of this particular model to the metal-free peptide (deferriferric1irome: 

dfcm). As in the case of the above mentioned 	antibiotic complexes, 

metal chelation by dfcn might result in further restrictions ,n the con-

formational flexibi1itr of the peptide backbone. Ferrichrome appears 

thus to be an ideal model for conformatjona]. studies • Furthermore, the 

crystalline structure of ferrichrome A tetrahydrate (fcinA-(H 20)) has 

been elucidated by X-ray techniaies by Zalkin, Forrester and Templeton 

(1966). FcmA is a close analogue of ferrichrome which differs in that 

two serines at positions 2 and 3 substitute for two glycines in fcm and 

also in that the acylatirig group on the 6-N-hydroxy-L-ornithixie is a-methyl-

glutaconjc acid instead of acetic acid. From its crystalline structure 
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fcmA appears to contain .a single transannular H-bond, from the amide 

nitrogen of ornithyl residue 3 to the carbonyl oxygen of seryl residue 	- 

2, and a second H-bond between the two ends of ornithyl 2 as shown in 

FIgure 1. Using fmA as a plausible model for fczn, it is apparent from 

its crystalline structure that the Schwyzer model does not apply to the 
I 

crystallIne conformation of the iron chelate. The question of the solution 

conformation of fern and d.fcin remains unanswered, however. In this com-

munication both aspects of the prObln are examined via the information 

provided by 220 ?z p1  studies of d.fcm and the Al complex of dfcm 

(henceforth alumicbrome: a.lcrn).. Fcm itself proves to be unsuited. for P! 

• 	. studies because of linebroadening by the paramagnetic ion. Substitution 

for Fe 3  was suggested by the work of Axideregg, L 'Eplattenier and 

• . 	Schwarzcnbach (1963) oa metal complexation by hydroxamates. 

12. Materials and Methods 

Fern was obtained from a low iron fermentation of Ustilago sphaerogena 

and crystallized twice fran methanol as previously described (Neilands, 

1952; Garibaldi and Neilands, 1955).  Dfcm was prepared by treating the 

iron complex overnight with a 10  fold excess of 8-hydroxyquinoline in 

methanol..rater solution followed by evaporation, dilution with water and 

extraction of the free and complexed. 8-hydroxyquinoline with chloroform. 

Alem was formed by allowing dfcm to react in warm water with a 

slight excess of freshly precipitated and washed A1(OH) 3  and, after 

cooling, the excess gel was filtered and discarded. The prothct 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 P205 , the hygroscopic need.les were crystallized once from 

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

absorption analysis was 3.6% (tbeo. for C2.RN9O12A1, 3.8). Titration 
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of an alcm solution with ferric chloride at pH 2, with subsequent adjust-

inent of the pH to 7,  gave a molar absorbancy at 425 uz equivalent to that 

of fcni. Furthermore, crystallization of the complex from methanol, a sol-

vent from which d.f cm is not rystallizable, and the P14R spectrum (vide 

infra) confirms that the product is a 1:1 aluminum:péptide hydroxamate 

chelate analogous to the 1ron qelatc, ferrichrome. 

Dime thyl -d6-slphoxjde (Merck Sharp and Dohnte of Canada Ltd.) was 

certified to be 99.5 atom D. Water was quartz distilled. A peptide 

concentration of approximately 5-10% 1 (w/w) in the PMR solutions was found 

to be optimum in terms of sensitivity and. minimum line broadenig. The 

solutions in .d6-D0 were partially dehydrated by,  leaving them under reduced 

pressure over P 
2 
 0 

5  for several days at room temperature with subsequent 

replacement of evaporated solvent. AU samples were degassed before the 

spectral rims. Aqueous solutions were not buffered in the interest of 

simplifying the interpretation of spectra. Direct S4  câncentration deter-

mination in the PMR tube with a glass micro-electrode gave pH values of 

5.2 and 4.3 for the alcm and. dtcni solutions, respectively. A pH difference 

of this znagnithde is of little consequence considering the gross conforma-

tional effects we observe. 

In the temperature dependence studies a minrmim quantity of tert-butyl 

alcohol (mA) was used as internal reference. Although such a standard 

introduces free hydroxyl groups in the DMSO solutions it was judged con-

venient, for comparative purposes, to have chemical shifts measured with 

respect to a common reference in both DO and.1t20 solutions. 	TBA also 

affords the advantage of ease of removal from solutions by evaporation. 

Spectra in DMSO are otherwise referred to internal tetramethylsilane ( 4s). 

Spectra were recorded at 220 MEtz on a Varian HR-220 spectrometer. 

The high field proved necessary to resolve most anilde NH baths in d.fcm and 

21-9  



was very convenient for observing amid.e I'U resonances in H 20 as so1vent. 

It should be pointed out, however, that the overall effect of metal che-

lation can be detected easily at 60 11Hz. Probe temperatures were deter-

mined with ethylene glycol according to the temperature calibration chart 

supplied. by Varian. Proton-prOton spin decoupling was achieved by double 

irradiation of the resonances at higher field while observing the s:Lgnals 

at lower field. AU proton assigrmients given here are based on decoupling 

experiments as well as on the reported spectrum of dfcm in D 2  0 at 6o iiz 

(zhner et al., 1963). 

. 	3. Results 

The clfcn and alcm PNR spectra in d6..DO at 1450  C are shown in Figure 

2a, b. Those regions of the spectra coupled by spin-spin interaction are 

Pig. 2 	shown conneàted by arrows. Identification of amide NH bands is readily 
v. about 

here 	accomplished from previous 	work on peptides which indicates their low 

V 	 field resonance and their H-D exchange behavior in 1)20.  The three nydroxanic 

acid NOH's, which also resonate at low field and show a fast isotope 

exchange, are readily distinguished from the aiide NH's • Their chenical 

equivalence results in a single PMR absorption  devoid of structure since 

there are no nuclei with which coupling could occur. Additional confirina-

tion derives from the area ratio of 3:1 for the total NOH to each single 

NH. 	The hydroxamate NOH band is of course absent in the alcm spectrtzn 

• 	 (Figure 2b) since the metal ion has displaced these protons. Ainide NH 

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 axnide NH band. 

On this basis G1 (j = 1, 2, 3) denotes that particular g2ycyl residue 
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whose amide. NH resonance is the j th  glycyl aniide start ing from low field 

upwards. . Such labelling of the amino acid. residues is. then referred to 

a particular PZ4R spectrum. and does not denote absolute location in the 

cyclobexapeptide backbone sequence; for this we. resort to the convention 

of using .siiper..jndices (e.g1 	j 1, 2, 3) in the ordering established 

by Zalkiri et al. (1966) (see Figures 1, 5). ChemIcal shifts and relative 

assignments are given in Table 1. 

le 1 	 Comprehension of the spectra (Figure 2) is simplified if it is sub- 
Dut 
re 	divided into six regions, which from low to high field are (1) from 10.20 

to 5.00 ppm, .hydrnrn4 c NOH and enide NH, (2) from  5.00 to 3.90,  orruitbyl 

c, .(3).from 3.90 to30 .57 ppm, glycyl C, (4) from 3.57. to 2.30 p:pm, 

ornithyl C, (5) from  2.30  to 1.85 ppm, terminal ornithyl acetyl C, 

(6) from .1.85 to 0.90 	• ornithyl C H and C. 	. 

Upon heating the alcui solution to about 80 0  .0 the water resonance 

shifts ipfield to reveal two neighbor peaks centered at 3.22 ppm; one 

component is distinguishable immediately upfiéld from the water signal 

in Figure 2b. . ... .. . . . . . . 

We were unable to decouple . ornithyl C H from C 7H due to their ;iIni1ar  

chemical shifts • We succeeded in assigning both the ornithyl C7 	d. H an 

CH positions in the dfcm spectrum but the chain correspondence to other 

protons in.the same residue remains undetermined. 

Comparison of Figure 2a, b (see also Table 1) shows that huge changes 

are induôed in the peptid.e P.ZVIR spectrwa by the coordination with A1. 

This is especially evident for the amide resonance region. The amide NH chica2. 

shifts, which in dfcm are c1utered . 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 chemical environment of the NH's is quite different on going from the 
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free to the chelated state. Other obvious spectral differences resulting 

from metalconiplexation are the following: (1) the overall Cregion OA 

moves upfield for glycyl and downfield for ornithyl residues; (2) the 

ornithyl sideehain terminal acetyl methyl peak, a sharp single peek in 

the free peptide, splits into three very close sharp peaks centered at 

2.04 ppm and shifts -0.1 ppm downfield; (3) the C H and C H regior., which 

gives a band centered at 1.6 ppm, decomposes and widens from 0.5 to 0.7 ppm 

in the upfield direction, and () the C6H peak. at 3.48 ppm collapses and 

new bands appear in the region 2.823.45 ppm. 

For comparative purposes, the dfcm amide Nit resonance region at dif- 

Fig. 3 	ferent teuireratures is shown in Figure 3a, b, in water and in DMSO, respec- 
about.

tively. From inspection of Pigure 3a, b, it is apparent that the amide 

NH chemical shifts are quite sensitive to the solvent. At 23.5 0C, dfcm 

amide Nil's resonate in a region of 0.37 ppm width in water while in DM30 

the width of this region is 0.57ppm, suggesting the individual aide 

protons are more differentiated when DM20 is the solvent. It should also 

be noticed that because of hydrogen exchange with the solvent, the NH 

bands broaden much more in water than in DM50 as the temperature is raised. 

Plots of the temperature dependence of snide NH chemical shifts for 

the free and chelated peptides, in water and in DM30, are given in Figure 
Fig. 4 
a?out 11. 	In this figure the lines are least square fits of the experimental 
Are 

points and the resulting slopes are indicated in parenthesis. 	In water 

(Figure 4a) the dfcm Nil's show a set of lines which differ little in slope; 

such is not the case in DM20 where G1y 3  and Orn3  NH'S (i.e., those reson- 

ating at highest field for each amino acid set) show reduced slopes (Fig. 

I1b). In the metal complex, however, only two amideNH's, namely G1y1  and 

G1Y2 ,j.e., those glycyl residues resonating at lowest field, show a large slope 



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

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

here. This suggests then that in alcxn the Orn1, G1y, Orn2  and Orr5 NH' s 

are more restricted in their interaction with the solvent. It should be 

noted that one am]4e, namely that of Orn3  in alan, shows a reversed (i.e. 

positive) slope, suggesting the interaction of this proton with its chemical 

enirironinent is tberma3.ly activated in a different way than are the rest of 

- the amides. 

Because of their pertine.nce as conformation dependent parameters, the 

amide INK to CO spin-spin coupling constants J are given in Table 2 for 

both compounds in water azid in Dm0. The J 's were measured at different 
Nc 

0 	 0 ble 2 	temperatures in the range from 17.5 C to 100 C. Within experimental error 
out 
re 	the 3NC'  are independent of temperature; the resolution of the niultiplet 

structure showed x.axima at different temperatures for the various amide 

Wa, however. These observations might be related to a temperature depen-

dence of the N-H coupling and the N relaxation of the proton levels. For 

glycyl NH's, particularly for Gly3  in both compounds, multiplet resolution 

is poor and 	values are estimated , fr= 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 required in order to• 

achieve an adequate degree of resolution for the amide NH's in both compounds. 

it should be emphasized however, that ornithyl NH doublets were completely 

resolved and that J. values reported are accurate enough for the discussion 

which follows, 



4. Discussion 

In the crystallographic structure of fcmA elaborated by Zalkin et al. 

(1966) only two ornithine axnide nitrogens are shown as H-bonded. Because 

of H-bond stabilization, protons belonging to these two amides should be 

expected to show a decreased interaction with the solvent. Elegant H-T 

exchange experiments performed by Emery (1967) by means of the Englandèr 

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

exchanging protons are present in fein and fcmA. On the basis of the X-ray 

structure for fcinA Emery proposed that besides the two H-bonded oral thyl 

amides, which should be expected to show a decreased rate of exchange, 

the third ornithyl amide, i.e., that buried between the three tightly meta1 

coordinated ornithyl side chains and the peptide backbone ring at position 

Orn1, would also show a slow rate of exchange with the solvent due to mere 

steric hindrance. furthermore,. Emery also suggested that despite the absence 

in crystalline fcmA of H-bonding between the amide N of 	and the car- 

bonyl oxygen of Orn3 , such a transannular bridge could be presnt in solution 

in agreement with a Schwyzer type structure. This interpretation of the 

isotope exchange data is in complete agreement with our finding that four 

alcm amide protons show chemical shifts with a decreased tomperature 

dependence, these belonging to one glycyl and three ornithyl residues. 

Furthermore, in a preliminary isotope exchange experiment where alcm was 

dissolved in DO, we found that while the two low field glycyl NH's do 

exchange at a rate too fast to be measured by this technique, the G1y 3  amide 

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

half lives of the order of days, the rate of exchange being in the order 

Orn2  > Orn1 .> Orn3. 

+40 
13 
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H-T exchange experiments showed very fast isotope exchange for the 

cyclic hexapeptides dfcm, dfctA and c-I,-Ala-i,-Ala-Gly-L-Ala-Gly-Gly 

(Emery, 1967), PMR H-D exchange experiments carried out by Kopple et al. 

(1969a, b) 	 and on c-Gly-Gly-G].y-Gly-Gly- 

L-Tyr have also indicated that the anides could not be distinguished on the 

basis of differences in exchange rate. However, in d.f cm as well as in the 

cyclohexapeptides Studied by Kopple et al., two ainide NH'S showed chemical 

shifts with a reduced tënerature dependence in DO. In dfcm these two amides 

belong to 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 observation of the H-D exchange immediately upon dilution of the free 

pepticle in D20 fails to reveal any IM resonance and hence at present the only 

evidence for amide proton stabilization, presuxnably by H-bonding, arises from  

the temperature dependence of the chemical shifts in DNSO. This is consistent 

in di'cm and all the investigated cyclohexapeptides described thus far in 

the literature with an antiparallel p-pleated sheet structure with bulky 

side-chain residues located at the corners of a Schwyzer type confonner. 

The value of ZE chemical shift temperature dependence studies is further sub-

stantiated by the monotonic correlatiOn between slopes and the observed 

relative rate of H-i) exchange for the case of alcm ornithyl and glycyl amides. 

It is. interesting to find that in all the cyclic hexapeptides thus far 

studied by P4R, only II shifts towards higher fields could be interpreted as 

resulting from hyxIrogen bonding. This interpretation, arising from their 

reduced temperature dependence, is in agreement with the Schwyzer structure 

(Kopple et al., 1969a,b). Furthermore the small rate of isotope exchange 

and decreased te.uerature dependence of the chemical shifts 	the valine 

aznide protons of grainicidin S accompanies a pronounced upfield. resonance 
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(Stern et al., 1968; Ohnishi and Urry, 1969). It is, however, well 

established that in the absence of any other perturbation, H-bonding 

results in deshielding of the intervening proton (see e.g., Emsley, 

Feeney and Sutcilife, 1965).  AS Kopple has pointed out, the intra-

inolecularH-bonding contribution to net shielding of protons should be 

consldexed relative to that of protons H-bonded to the solvent; such high 

dielectric constant sOlvents as H20 and DMSO might deshield exposed NH - 

protons more than transannular H-bonding to carbonyl groups, and these 

thus appear shifted to high field.. Besides the relative character of the 

WB H-bonding effect it has been argued that either the carbónyl n bond 

lying flext to the ami4e NE on the same residue and/or its own amide it 

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

tropic diamagnetic shielding effects contributing to the observed chemical 

shifts (S1ern et al., 1968; Kopplé et al., 1969b). As judged from the 

X-ray structure for femA, these diamagnetic shielding effects might con-

tirbuteto the observed high field resonances of Gly 3  NH and of at least 

one of the Orn2  NH's. It should be noted that non-planar ainide bonds 

are found in other cyclic peptides (Ramachandran, 1968). 

The 'anide NH's in dfcm which exhibit the smailest temperature de-

pendence of their chemical shifts in DM50 are those glycyl and ornithyl 

NH's which occur at highest field. This is in agreement with the general 

trend observed in other cyelic peptides, namely, that amide NH's shift to 

high field when they are transannular].y H-bonded. Furthermore, orientations 

of the Orn2  and G1y2  C=0 bonds relative to G1y 3  and Orn3  amide protons re-

spectively, should result in strong anisotropic shielding effects, if an 

antiparallel 0 pleated. sheet structure is present. 

Inspection of Tables 1 and 2 shows that despite evident chemical 

shift differences, the values for arnide J show similarities between the 

(4 
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free and corriplexed peptide in DMSO. On this basis, the ornithyl i valuesNC  

in WSO suggest a correspondence between Orn. (5.17), Orr (7.36) and Orn3  

(8.56) in alctn with Orn (5.15),  Orn3  (7.148) and Orn1  (7.86) in dfcm, re-

spectively. It should also be noted that a complete parallel appears 

for alcni NC  values in H2
0 and DMSO except for the least accurately deter-

mined values, that for G1y3 . Stern et al. (1968) have discussed comparative 

evidence which indicate$ that for a given residue JNC 
 mightbe inversely 

related to its 0 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 	strongly
NC  

suggests that the conformation of the peptide backbone in the metal complex 

might not only be independent of the solvent but also, in DM50, not influ-

enced by metal chelation. The less precise correspondence between the JNC 

values of dfcxn and alt in water suggests that the mean conformation of the 

free peptide differs more from that of the chelate in this solvent than in 

DMSO. This would indicate then that in going from one solvent to the other 

some conformational change might be induced in the free peptide but not in 

the chelate. That metal chelation could result in a fundamental conforma-

tional change in aqueous media was suggés ted from the specificity of the 

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

lysis of fcmA at the carboxy terminal position of the -N-acyl--N-bydroxy-

L-ornithyl sequence but is inactive when dfcmA is the substrate. 

Kopple et al. (1969a) have tentatively suggested the cyclohexapeptide 

backbone itself as the most important factor determining 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 particular 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 
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intramolecular H-bonding even though the basic conformation might not 

differ much in one solvent relative to the other. Besides its stronger 

Hbonding effect, water might also perturb the Schwyzer structure indirectly 

by solvation effects on the hydroxanate side-chains, this effect being more 

pronounced in dfcm than in a.lcxn where these groups are more protected from 

the solvent through coordination to the central metal ion. In the case of 

fcm, however, what woul4 then, be most interesting is that, as judged from 

the J correspondence, the effect of metal chelation would not be so much 
NC 

that of changing the most stable conformation of the peptide backbone but 

rather that of 'freezing' it. If such were the case, this would result in 

better defining the particular amide proton environment in alcm 'which, in 

contrast to the thexally averaged less stable conformations in the free 

peptide, could result in the exaggerated NH chemical shift differences seen 

between the free and chelated peptide. This would also explain 'why the 

other cyclic hexapeptid.es studied thus far by PMR have not shown the pro-

nounced spread in amide proton chemical shifts that we find in alcin. 

• On the basis of the known both angle dependence of the proton-proton 
, 

spin coupling constants for a .C=CH-CH system, Bystrov, Portnova, Tsetlin, 

Ivanov and Ovchinxiikov (1969) have proposed the send-empirical equation 

= (8.9 ± 0.9)Cos2 -(O.9 	 ri O.9)Cos e~ (o.9t O.9)si 2O that pro- 

vides a quantitative relation between the peptide 4) (=2400..e) dihedral 

angle and the corresponding J 	In applying this formula to the ornithyl anide 

splittings, averaged from the water and DO solutions data, a correlation 

can be established, withi.n the accuracy of the coefficients of the equation, 

between the angles so obtained and those found by Zalkin et al. (1966) for 

crystalline fcmA(H20)4  by X-ray data: 



PMR 	 X-ray 

Orzi.1 	1060 	70 	 103
0 
	Orn2  

Orn2 	.290 t 12° 	.. 	 35° 	Orn3  

Orn.5 	830  22° 76° 	Orn1  

Because of thè periodic nature of their functional relationship, the 

correspondence betweenJ a41 i not uniue. Other roots of the equa.. 
NC 

tion render the alternative correlation 

Orn2 	910 + 0 	 0 orn 

Orn3 	36o  t22 	 350 

a plausible one. We believe, however, the former assignment is more 

realistic. Upon thermal activation Orn3  1H becomes more deshielded (it is 

the only .axnide proton that presents a positive si.ope in the chemical shift.- 

temperature dependence pláts) suggesting that it becomes more H-bonded as the 

temperature is raised and this could only occur by solvent binding to the 

very shelteredaxnideproton of 0rn. This assignment is further substantiated 

by the rate of amide H-D exchange in 1)20,  found to be Orn2 > Om.1, which is 

directly related to the stability of the intramolecular H-bonds as judged 

from the X-ray bond distances: 	 -. 

2 	0. 
Orn 	H' •O=C $er 	2.99 A (weak H-bond) 

Orn2 
M. 

 0-N,  ()2 2.80 	. 	. 

These data are in agreement with the solvent independence, reduced temperature 

dependence and extreme low-field shift (as if in a very stable H-bond) of 

the alcm Orn1  NH shown in Figure .4c,d. 

As a consequence of this.absolute assignment for alcm we are able to 

draw inferences concerning the conformation of dfcm in D0 by consideration 

of our observations in this solvent: 



(1) For dfcm Orn3  shows a smaller temperature dependence than Orn 1  and 

Orn2. 

(2). From the correspondence between the spin-spin coipling constants, 

we are able to relate Orni 3  (dfcm) to Orn (alem). 

(3) From the absolute assignment in alcm, Orn2  would correspond to Orn 3 . 

From (2) and (3) it follows that Ot-n3  (dfcm) should correspond to Orn 3  and 

thus be transaxmular].y H-boded as in alcm. This would require a reduced 

temperature dependence of its NH cheztical shift which indeed was observed (1). 

For df cm in DMSO we find that the G1y3  and Orn3  amide }jts show a re-

duced interaction with the solvent.. Since in the metal free peptide the 

ornythyl sidechain.s are free to move in the solvent, teric hindranc.e of 

the Gly3  JH to interact with the solvent might not be its main stabilization 

mechanism. The correspondence betweenalcm and dfcm 	values suggests a 

similar conformation for the peptide.backbone in both compounds, hence ad-

mission of H-bond stabilization of G1y3  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 peptide backbone, 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 distinguish whether a proton is H-

bonded or not, since anisotropic effects can always result in shifts of the 

resonances in either d.rectjon. Furthermore, the temperature dependence 

studies can not decide whether an amide proton is buried internally, H-

bonded or both; it is only a measure Of stability with regards to interaction 
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with the solvent. In the case of the fcm peptides, however, the relative 

temperature independence of the J
NC 

 coupling constants indicates that the 

overall conformation of the peptide backbone is not so affected by temper-

ature as to be a predominant cause for the observed tenperature dependence 

of the NH chemical shifts. This suggests that the protected amide protons 

might indeed be directly thermally activated leading to a change in chemic&L 

shifts of either sign. A final decision on the role of H-bond stabilization 

may then be reached by combining the P!fl and isotope exchange data with ,ob-

servations of steric models. Inspection of CPK space filling models of 

these molecules reveals a virtual conformational identity between the two 

am.tde-carbonyl groupings of G1y3-Orn3 . Thus, a combination of hydrogen 

bonding and steric effects arise as plausible explanations of the arnide 

proton stabilization. 

The picture that emerges from this study for the chelated. peptide in 
'ig.5 
bout 	solution is shown in Pigure 5. In this conformation auiide protons belonging 
Lere 	 . 	i 	2 

to residues Gly and. Gly are freely exposed to the solvent while those 

belonging to w.y3  and Or 3  are transaxinularly H-bonded. One of the remaining 

two amidé protons is in a very stable H-bond bridging the amide nitrogen 

of Orn2  to its own -N-hydroxyl oxygen atom and the other, belonging to 

Or 1ni , is deeply sheltered between the three chelated 6-N-acetyl-iS-N-hydroxy-

L-ornithine sidechains and the peptide cycle itself. This structure then 

is not only in agreement with the X-ray model, but slightly refines It by 

suggesting a. second transaririular H-bond for the chelated peptide in solution. r 

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

fern in solution. On a conformatjonal map the relative depth of the potential 

well of the Schwyzer conformation would increase when going from water to 

DMSO 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. .Strt.icture of ferrithrozne: cyclo_trigiycyl-tri(b-N-acetyl- 

_N_hydroxy-L-órnitby1). Numbers in circles label residues consistent 

with the convention used by Zalki-n et al. (16) for fA. In fcnA L-

seryl residues 1 and 2 substitute for glycyl residues 2 and 3 in fcm, 

respectively, and the 8-N-acyl grgup on ornithine is -metbyl-glutaconic 

acid instead of acetic acid. H-bonds found in crystal1 1  (ne fcmA are shown 

here by dotted lines. The metal is denoted by 14 and is shown coordinated 

by the three hydroxamate uganda. 

FIG. 2. The 220 }z PI.M.spectra of deferriferriàhrane (a) and alumi-

chrome (b) at 45 0  C dissolved in .d6-DNSO. The peak marked "solvent" arises 

from the residual H in the d6-DNSO and. that marked H0 results from the 

water residual after low pressure dessication over p2o5 . In (a) the 

resonance at: lowest field arises from the NOH protons of the three s-N-

acetyl-ô-11-hydroxyl-L-ornithy3. residues; thegroup centered at 8.0 ppm is 

the amide NH protons of the six residues. In (b) the NOH resonances have 

disappeared as they are replaced by the metal and the NH proton resonances 

extend from 10 to 6.4 ppm. The peaks connected by the light arrOws are 

coupled by proton-proton spin-spin interactions and were determined by 

double resonance. Thus, in (b), the peak at 10.00 ppm arising from an 

ornithine NH was observed while applying a second radio-frequency field 

in the region of 4.16 ppm until decoupling was observed, thereby identi-

fying this point as the Ornj CO proton. This point was in turn observed 

until it became decoupled from the Orn1  CH proton, i. e, at 1.18 ppm. 
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FIG. 3. The aznide NH WR region of dfcm in water and in d6DMSO 

is shown in a and b respectively. Dotted lin.cs indicate temperature 	 - 

shifts of characteristic resonances. In DM50 the peaks are further separated 

-4 	 than in H20, where complete resolution for the NH's of G1y 2, G1y3  anti 0in1  

is not achieved. 	 - 	 - 

FIG. 4. The temperature dependence of the chemical shifts of the amide 

NH protons of deferriferrichrome and of alumichrome in water and in DM50. 0 ai G 

denote ornitbyl ar4 glycyl snide protons, respectively, and the subindex refers ts 

the order in which they resonate in scanning from low to high fields • The 

numbers in parenthesis are 10 times the slope ofthe corresponding lines 

expressed in the graph units, .e., _5.12 = .5.112 x 10 pptn/°C. Tke chemical 

shifts in. both solvents were measured with respect to internal TBA. In 

aq.ieous solution of dfcui (a) the NH's of G1y 2, G1y3  and Or.1  were nct com- 

pletely resolved at all temperatures and result in a complex band (see 

Figure 3). Positions of the individual resonances indicated by open circles 

should be interpreted as upper and lower field boundaries of this urresolved 

region; the most uncertain assignment is that for G1y3  NH. 

PIG. 5. The solution conforrnatioxi of aluinichrome. H atoms ar( not shown 

with the exception of the four snide NH'S that manifest reduced interaction 

with the solvent; of these the one belonging to Or. 1  is buried between the 

peptide backbone ring and the chelated ornithyl sidechains and the other 

three are intramolecularly 	H-bonded. The proposed H-bonds are: 1) 

between the amide proton of Or.3  and the carbonyl oxygen. of Gly3 ; 2) between 

the snide proton. of Gl.y3  and the carbonyl oxygen of Cm 3 , and 3) between the 

2  aniide proton of Cm and the &-N-hydroxyl oxrgen atom on the sane residue. 
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This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

Makes any warranty or representation, 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 in formation, 
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or 
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 Commission" 
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 con tractor 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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