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. f f h i 1 I. I la 'b 'c The Solution Con. ormation o t e Ferr ctrorues •.• 

* 11. Llin&s, :H. P. Klein and J. B. Neilands 

Con_~:ribution frbn~_ the .!_)epartment ~Biochemistry and t~~ Labc~rato!Y_ 

of S'lt_emical Bi<?_~._ynamics, Lmv-rence Berkelev Laborato~, ·University 

·. 
Ferrichrome, ferricrocin, ferrichysin and ferrichrome A are 

ferric cyclohcxapeptides whose general composition is r.;presentedby 

c;::3-Res 2-GJ.y 1~orn3-orr/-orn1Jwhere the Res
2 ' 3 sites are occupied by 

1 ? 3 
glycyl or lcseryl residues and Orn ,_, stands for o-N-acyl-o-N-hydroA~-

1.-ornithyl. The latter provide the hydroxamate ligands which coordinate 

the metal ion. The 220 MHz proton magnetic resonance (P~1H.) spectra of the 

metal-free and of the chelated peptides in aqueous and in deutero-dimetl1yl 

sulfoxide (c1
6

--DMSO) solutions are reported and analyzed in terms of the 

molecular conformations. Because of spectral line broadeninE by the para.,... 

+3 -- +3 +3 
magnetic Fe ion, the Al and Ga chelates v-:ere used. The chemical 

shifts of the amide proton resonances and their temperature dependencies 

are consistent \d th a structure containing t'..ro tran~annular hydrogen bonds 

Jn the metal....:frce pcptides ·in d
6

-DHSO and in the chelatcs in either solvent • 

Such hydrogen--bonding resu~ts in an antiparallel S-pleated sheet structure 

as i.n the Sdn-~yz:er model for cyc1ohe;~o.peptides. In terms of sites paired 

by hydrogen bonds, ho>v-ever, the S-fold differs among the demctallopcp tides 

but not amon~ the chelate::;. In water a rather random confon!lation is 

sugl;t's ted for the r•te tal--free pep tides. He propose that a fundar11cnt<:tl role 

of the metal i'; to enforce the structure of the peptide backbtme; thus 

conf.otlllat:ior~~'l di.ffcrem:es n:sultiq~ from resiJu~ subsU.lut:iom::; at sites 
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2 and 3, as v1ell as from solvation effects, are eliminated upon its 

binding. Nc'tal chelation induces pronounced chemical shifts for all of 

the amide ~11' s and markedly reduces the temperature dependencies for four './ •' 

of them. Gross mnide hydrogen-deuterium exchange kinetics in n2o indi- .. • cates that these four amides have a highly diminished interaction with the 

solvent. The comparative spectra of the analogous chelates permits unequivo-

cal· assignv1ents of proton resonances to residue~ in the absolute sequence. 

The magnitude of the amide l\TH-C H spin-spin couplings yields estimates of 
-- (l- . 

the confonnt.ional cp dihedral angles. Aside from slight seryl side-chain 

solvation preE'sur:es, the P}ill. data for the chelates in solution are in good 

agreement with the static X-ray crystallographic model for ferrichrome A. 

Since the alumtpeptide conformation is virtually independent of the medium, 

the chemical shifts of the amide protons may be readily evaluated in terms 

of the solvation of the pcptidyl groups. 



1.· 

..... 

<' u 6 u .. ) i) ,j d ~j ,. ' 
./ ~..,· ',,) ~.~ 

-3-

Introduction -< -

I · · · · · la h bl f th 1 t · f · n a prev1.ous COITh'111111lcatJ.on t e pro em o e so u 1cn con'"ormat1.on 

of ferrichrome was stated and analyzed. It was found possible to corre­

+3 late the proton magnetic resonance (Pl'IR) spectroscopic data for the Al 

analogue (alumichrome) of the ferric peptide vrith the X-ray struc.tural 

model for crystalline ferrichrome A tetrahydrate. 2
•
3 Although the cor-

respondence be.t<veen these tuo sets of data proved to be excellent it 

would be desirable to arrive at a model for the peptide in solution 

which did not r~quire the assistan~e of the X-~ay data for its justi-

fication. In principle, the P.HR spectrum of alumichrome should contain 

all the information necessary to derive such a conformational model. 

For the time being, hc:wever, this task exceeds the theoretical develop-

ments. Accordingly, a more naive attempt to achieve such a goal by an 

e.'Cperimental approach, ·i z., direct con1parison of several ferrichrome 

ana~ogues, is presented. 

Ferrichrome is one member of a group·of ferric cyclohexapeptides, 

of fungal origin, Hhose amino acid sequence can be generalized as 

Gcs3-R;~z=~~cs1:rn3-orn2-0rn 1J where Orni and Resj (i,j = 1, 2 and 3) 

denotes o-_Ji-acyl--5-J_i-hydroxy-Icornithyl and !_,_-alanyl' glycyl or L-seryl 

'd . 1 4,5,6 
res~ ues respcct1ve y. The supraindices label the residues fol-

lm-1i.ng the order established by Zalkin, Forrester and Templeton in 

their X-ray study of ferrichrome A. 3 The sites along the peptide back-

J '2 3 
bone occupied by Res -, Res a'nd Res will henceforth be referred to as 

sites 1, 2 2nd 3 respectively and should not be confused Hith those 

held by the 0-~-acyl--o-N-hydroxyy-J:_;-ornithyl residues. Although "ferri-

chrome" denotes that particU:lar member of the r,roup for \vhich sites 1, 

2 <md 3 are occupiell by 8lycyl residues and \vho::;e o-N-hydroxy-Jcornithyl 
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o-N-:acyl group is acetic acid, when used in the plural, i.e., "ferri-

chromes"~ it is intended to mean all and any of the analogues 't-Thich 

mny not only differ in the residues at sites 1, 2 or 3 but also in the 

acyl group of the hydroxarnate function. 

The opportunity is then <:lfforded,to compare the PMR spectra of 

these pcpU.dcs (metal-free and their Al+.'3 chelates) to see hm·T these 

substitutions affect their solution conformations as revealed by changes 

in the spectrum. Furthermore, such spectra might provide comparative 

data which could enable us to reach conclusions, independent of the X-ray 

model, regarding the assignments of the resonances to absolute positions 

in the peptide ring. Our main concern vlill be to analyze the resonance 

assignment problem and to establish more definite evidence for the con-

formational model (Fig. 12). The pcr'turbative effects of single residue 

substitutions on the overall peptide ccmformation will also be discussed. 

The data presented in the previous paper1afor ferrichrome will be 

compared \vi.th those for the analogous seryl-containing peptides, ferri-

crocin, ferrichrysin anJ ferrichrome A. As was done ~;,ith fer rich rome, 

the metal-free and Al+J chelate peptides will be used. The gallic 

+3 (Ga ) chelate of ferrichrOme, gallichrome, will also be compared with 

alumichrorne. 

The amino acid cornposi tion of ferricrocin is knmm to be two moles 

of glycine, one of !eserine and three of o-!!_-acetyl-o-_!i-·hydroxy-Jr 

. h. 7 orru t J.ne. Evidence that itfl primary structure corresponds to that 

of ferrichrome, a seryl residue substituting for u glycyl at site 2, 

is presen~cd separately. B,9 1be P~ITZ spectrum of its Al+J chelate 

(henceforth "alu:nicroc:in") is entirely cons is t(~nt vli th this sequence. 
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F, 5 h . d f . h A h h · · d · 5 • 10 err .c rys1n an err1c rome ave t e same am1nc ac1. se~uence. . 

In common with ferrichrorne and ferricrocin they contain the tetrapeptide 

H2NGly1-0rn 3--orn 2~orn1coOH but close the ring \vith serylscrine. .~:·erri­

chrysin differs from ferrichrome A in that its acylating group is acetic 

acid (as is the case in ferrichrome and ferricrocin), while in ferri­

chrome A it is trans-S-methyl glutaconic acid. The Al+J complexes of 

defe.rriferri.chrysin and deferriferrichrome A are henceforth referred 

to as "alurnichrysin" and "alumichrome A," respectively. 
-. 

The comparative conformational study of the analogous cyclohexa-

peptides investigated here is justified by their common possession of 

the tetrapeptide containing the tri(o-N-acyl-6-N-hydroxy-1-::ornit.hyl) 

sequence (see above) responsible for the binding of the metal, and also 

by the evidence furnished by optical rotation studies in the visible 

and near ul travi.olet. 11 BUret and Gulyas showed that ferrichrome, 

ferrichrysin and ferrichrome A have the same configuration around the 

centralllietaliort, namely, that of a left-hand propeller .as found in 

crystalline ferrichrome A. 
2

' 
3 Furthermore, the value of thE~ Al-1-

3 and 

+3 +3 Ga complexes as functional conformational analogue.s of the Fe pep-

tides has been supported recently by biological transport experiments 

-with Us !=D.~~g~ sphacrogena. 
12 

In this paper the basic approach will be to consider transitions 

from one analogue to anotrier as specific perturbations ••hich, by their 

localized charncter, \vill help to interpret the fund<Jmcntal alumichrome 

spectrum. Thus, we shall attempt to cl1aracteri.ze the alumicltrome con-

formation by perturbing the ~olecule in a discrete fashion (stepwise 

composi t.Jonal changes) and ob se:rving an output sien~ll (the PNR spectra). 

Our m:1in con cent \\'ill be with the differences in the chemical shifts 
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between the analogues rather than their particular values. These latter 

have been di!;cussed in Paper Ila for .?.lumichrome and the arguments can 

be extended readily to the other peptides. 

Figure 1 summarizes the composition of the compounds to be dis-

cussed here. 

Experimental_ 

The fcrricrocin sample·was part .of a batch, the production, purifica­

tion and crystallization of which was described elsewhere.
8 ' 9 

Ferrichrysiu 
·. 

was obtained ·from. low iron cultures of Aspergillus mellet~~ (H2853) in a 

ruedium supplemented to 25 mH acetate and 12.5 1!1M ornithine.
13 

The culture 

was processed in the same way as. described for ferricrocin
8

'
9 

and the final 

pm.,rder crystallized twice from cold, anhydrous ethanol with a net yield 

of the ferric peptide of at least (filst crop) 100 mg/1. Purity of the 

samples could be ascertained by ascending paper chromatography in 4:1:1 

n~butanol:acetic acid:,.:rater.
14 

The PHR spectra of the iron-free and 

aluminum chelated peptides confirms their purity (vid~ _:inf.!a). The 

iron--free compounds '"ere prepared by extraction of the metal '.:rith a 

40-fold molar excess of 8-hydroxyquinoline as for the case of ferri­

la 
chrome. 

Fcrrichrome A was a by-product of the Us t.U.:.ago sphaeroeen':l_ 

f i ·1 · 1 d f · · 1 la ·ermentat. ons t 1at prov~c e ·errlc u:onte. It was readily crystal-

lized from tl1e crude, unc~tractcd, concentrated cell growth medium as 
- ; 

the tricarboxylic acid by adjusting the pH to 2.5-3.0. It v7as recrys-

tallized t'.:ice from ~.,rater with net yields of 450 mg/1. Iron ,.;ras 

extracted from the t~.:rice re~rys tallized compound by the KCN-·Na
2
s 

2
o 1+ 

. . 15 
method of Emery and Ne.:d.ancl:J. It vias found poss:ibJc to crystallize 

• 

'. 
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the. K+ salt of the metal-free peptidE-. by dissolving this product in 

warm ethanol and neutralizing it to "pH 7" (glass electrode n~adin._:) 

with alcoholic KOII. 

Gallichrome, alumicrocin, alumichrysin and aJ.umichrome A were made 

by reacting the free trihydroxamate peptides with the hydroxides of the 

respective trivalent metals as previously described for alumichrome. 1a 

Alumichrome A was readily crystallized from aq~.eous solution at pH 

2.5-3.0. All the other peptide.s, whether metal-free or coordinated, 

were desalted by gel filtration through Bio-gel P2. Tne samples vrere 

then evaporated to relative dryness and dehydrated and stored over 

P2o
5 

under reduced pressure. By reference to alumichromela the P.MR 

spectra showed that chel~tion was complete and that the samples were 

pure (see the results). 

The PHR instrumentation and spectroscopic methods are the same as 

described in Paper r 1a for the studies on the ferrichrome peptides. A 

Varian HR220 spectrometer, which operates at 220 HHz, was used. Proton 

spin-spin decoupling was achieved by double irradiation experiments by 

sideband modulation. The probe temperature was determined Hith ethylene 

glycol. Spectra are referred to internal tetramethylsilane (THS) or to 

internal _t:_<::_rt ._butyl alcohol (TEA) when comparisons bet\..recn amide NH 

resonances_ in n
2
o and in ci6--dimethylsu1foxide (d6-m·ISO) were intended. 

The aqueous solutions ~vere 5 ~f_ d
4
-acetic acid, adjusted to pH 5.14 \vith 

KOH. Hater Has quartz distilled. d6-DHSO (Nerck, Sharp & Dohme of 

Canada, L~d.) was certified.to be 99.5 atom% D. 
' 
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Results 

The PNR spectra for dcfen-iferricrocin and alumicrocin, deferri-

ferrichysin and alumichrysin, and for e~lumichrome A, in d
6

-DHSO at 45°C, 

are shm-m in Figures 2, 3 and /1 respectively. The regions coupled by 

proton spin-spin interactions are shmm connected by arrows. The overall 

spectra can be comprehended in a manner similar to that for the spectra 

of deferriferrichrome and of alumichrome, 1a taken under similar conditions. 

These spectra may serve as guides for an appro<-imate identification of 

the resortances in the analogues. Hov!ever, the substitution of glycyl 

residues in ferrichrome by one and tvm seryl residues in ferricrocin and 

ferrichrysin, respectively, results in a fe1v nc1v resonances, In alumi-

chrome A the spectrum is even more complex due to the presence of a 

B-methyl glutacouyl group in the hydroxamic acid. 

The seryl c
13

o!!_ resonances occur at about tf.85 to 5.15 ppm from TMS; 

due to coupling to tl1e pair of S-hydrogeus these resonances are triplets 

-..zhich appear relatively broe1de.ned in the rrietal-free pep tides. This can 

be attributed to hydro.sen exchange between the seryl CSO!!_ and the free 

hydroxamic NOH, exchange vJhich is absent in the chelates and in deferri-

fcrrichrome (compare Fip,s. 2a and 3a with Figs. 2b and 3b). These resonances 

are appreciably sharpened upon redueing the temperature to about 20°C. 

Identification of amide NH resonances as belonging to glycyl or 

either ornithyl or seryl residues is readily accomplished from their 

multiplet structure since the first appear as tr:lplets and either of 

the latter tHo as doublets. For the Al+J chelutcs it is possible to 

distinguish be tHeen the scrY,l ant! orni thyl resonances on thC> basis of 
I 

the sequential spin-spin coupling connections: Nil (doublet) -t-+ C II - a--

·H· C H +-> C Oil. for the S(~ryl and Nil (doublet) -H C H -<->- C · H -<···+ C H for B- C -- · - cr f,- . · 1 

' ·: 

.... 
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the ornithyl residues. For the metal-free pcptides this could not be 

accomplished completely. The rather close proximity of the C H resonances 
a-

established by spin-spin decoupling ·to amide NH doubl2.ts made it rHfi-

cult to ascertain t·lhich of these is itself coupled to a seryl-assigned 

CS!!_ {established as seryl because of coupling to a c
8
o!!_). The experi-

mental difficulty is maenified due to the relative proximity of the 

ornithyl and sery1 C
0
!!. region to the seryl c

8
!:!_ resonances tvhich made it 

cumbersome to directly decouple these last ttvo in the field scanning mode 
·. 

in which the spectrometer operates. In the case of deferriferrichrome 

this problem did not arise, at least for the assignment of the oruithyl 

C H's, since these are all well resolved and the c· H ·H· c
8
H connections 

et- a- -

1 . 1 la appear ess equ~voca • This resulted in a failure to distinguish 

be~reen seryl and ornithyl NH and C H in deferriferricrocin and deferri­
et-

fe.crichrysin. 

The broadening of the (seryl) c
6

oH resonances tvas not a serious 

problem in the identification of the corresponding c
8

!!_ resonances by 

spin-spin decoupling. Upon lowering the sample temperature to about 

20°C the c6o~ resonance can be sharpened into a neater triplet whose 

collapse by double irradiation could be detected readily. On raisJng 

the temperature back to 45°C \ve assume that, unlike the coupled Cf>OH, 

the position of the seryl c 8!:~ did not shift appreciably. 

Chemi.cnl shift8 and resonance assignments are given in Tables I 

and II. Tlwsp assiglnncnt:s \vere base~1 on the po!d.~ions of tlw anr~.d~ Nil 

and (seryl) c
13
0Jl resonances and on the proton spin-spin coupling con-

nections established by homqnuclcar double resonance experiments. Resonances 

assigned to amide NH, ltydroxamale NOH and seryl C OH were confirmed by the . - - s-



Table I 

l 

I Glyl 

Deferriferricrocin Alumicrocin 

Gly2 Dl D2 D3 D4 Glyl Gly2 Ser Orn
1 

Orn2 Orn3 
-

~--:rt I 8. l;4 8.27 8.02 7.98 7.81 7.82 I 8.94 6.85 8.50 10.04 7.93 6.46 

C H I 3.83 3~75 4.21 4.02 4.18 3.97 I 3.79 3.74 I o:-

I (' H 3.83 (Ser) ~s-=-

I C H 1.67 (Orn) 

I y- I . 
I 

C.H 
i 

3.28 (Orn) I ·-·-·. f o-

I CPCH 5,02 (Ser) ...... l CH3 2.00 (Orn) ' I I 
:\OE ! 9. 63 (Orn) I 

4.74 4.21 

1. 75 1.09 

3.99 4.16 

3.47 1.69 

4.97 

---- -2.07 -----

Chemical shifts, referred to TI1S (ppm), of deferriferricrocin and alunicrocin in d
6

-DMSO, at 

45°C a::1.d 220 i-':Hz. Labeli~g of residues aad their res0nances follm..rs the convention given in the 

text. D. (i~l, .•. ,4) denotes an amide doublet and its suin-spin coupled C H proton. In deferri-
~ . a-

ferricrocin the similar chemical shifts of those C H's coupled to amide NH doublets made the estab-
rx- . 

lish!;lent of the corresponding c
13

!!_1 s ambiguous by double resonance experiments; hence theirassignment 

to either ornifhyl or seryl residues remains undetermined. Those resonances denoted by Ser or Orn 

~ere unequivocally assigned by double resonance and/or from their chemical shifts. In all cases, 

resonances ordered under the same column are assigned to the same residue(s). The CH
3 

resonance for 

al~~icrocin is, as in the case of alumichrome, 1 a the average position of three closely spaced narro~ 
peaks. 

~ " 

I 
1--' 
0 
I 

"· 
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Table II 

Deferriferricrocin I Alumicrocin 

Gly1 
G1y 2 Dl D2 D3 D4 Glyl Gly 2 Ser Orn1 Orn2 Orn

3 

H2o I 'V6~5 rv5.6 rv6.3 rv4.9 r rv5.2 rv3.7 5.3 6.9 9.0 
I 

±0.6 ±0.2 ±0.5 ±0.5 I ±0.1 ±0.1 ±0.2 ±0.2 ±0.1 

DY.SO I 5.1 5.1 7.3 7.1 5.2 7.5 5.5 rv3.6 'V2.9 5.4 7.1 9.1 

±0,1 ±0.1 ±0.1 ±0,1 ±0.4 ±0.2 ±0.1 ±0.2 ±0.2 ·±0.1 ±0.1 ±0.1 

Spin~spin coupling constants (JNC) in Hz between amide ~~ and CJi protons for deferriferri­

crocin and a1umicrocin in water, at pH 5.14, and in d 6-D~1SO. Residues are labeled as in Table I. 

Values are averages derived from determinations at different temperatures. The uncertainties are 

their stan.dard C.eviations. Poorly resolved splittings are indicated by rv. Gly2 and D1 a'nide NH's 

could not be resolved for deferriferricrocin in water even at 220 XHz so their JNC are not reported 

(see Fig. 3a). In general, the amide resonances for deferriferricrocip. in >vater appear quite 

broadened and the ve.lues for the spin-spin splittings are less accurate. The JNC value for the 

alurc1icrocin seryl ~~ in water is also not reported because this resonance is too broad. Di' s denote 

a'!1ides that appear as doublets but whose assign~ent to seryl or ornithyl residues is uncertain. 

' ..... , .... 
. I 

C . .'. 

, . .... 

(..t 

c:: 
.~ 
-.-·~ 

0'· 

t: 
(. 
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c~~-
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disappearance of these peaks upon dissolution in D20 because of isotope 

exchange. This exchange resulted in turn in a collapse of the corres-

pondiug spiri-spiu coupled reson~nces. 

A · h · · · la 1 l i s ~n t e prev1ous commun~cat1on, w~ resort H.'Xe to t 1e convent on 

of using subindices to denote the ordering of the amino acid residues in 

accord with their order of appearance in the PHR spectrum and superindices 

I f . . 1 b 1 .. d . 16 
wwn re err1ng to t1e a so ute pept1 e sequence. 

Comparison of Figures 2a and 3a Hith 2b a.~d .· 3b sho,..;rs that profound 

spectral changes are induced upon chelation of A1+3 • 1'he changes are 

qualitatively similar to those observed in the ferrichroine peptides
1

a 

and, as in that case, are more extensive in the amide NH region. 

The Pl'fR spectrum of alumichrome A in d6-Dl1SO is shm,..fl. in l<'igure 4. · 

The resonances appear relatively broadcr.ed, particularly so in the amide 

NH region. He interpret this to result from hydrogen exchange. Since 

alumichrysin and alumichrome A have the same amino acid sequence, their 

spectra should be compared (Figs. 3b and 4). It is then evident that 

the seryl C~O~ peaks do not appear in the alumichrome A spectrum, rein­

forcing the suspicion of exchange broadening. The reason for the higher 

rates of hydrogen exchange in this peptide should perhaps be sought in 

the catalytic effect of H+ introduced into the solution by the three 

free carboxylic acid group present in the B-mcthyl glutacanic acid acyl 

groups. Although the amide NH broadening did not allov a determination 

of the JNC splitt1ngs for tltis peptide in d
6

-DMSO, their chemical shifts 

could be determined with sufficient· accuracy to permit useful comparisons 

with the other analogues. In aqueous solution, at pH 5.14, the amide NH 

splittings Hc1:c, lw>_-rever, easUy rc.solvc:d. Anot.her consequence of the 

,~-

I. •. 

• 

'· 
~ 
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Table III-. 

Deferriferrichrysin A1umichrysin 

Gly Dl D2 D3 D4 D5 Gly Ser1 Ser2 Orn
1 

Orn2 Orn3 

1'H I 8.35 8.14 7.79 7.76 7.66 7.53 8. 93 8.07 7.28 10.03 8.00 6.33 

C H I 3.77 4.11 4.03 4.06 4.17 4.14 3.83 4.02 4.06 4.23 4. 72 4.11 
a;-

COR 3.81 (Ser) 3. 79 (Ser) 3.56 3.29 1.66 1. 79 1.08 ,_, 
I 

c H- I y- . 
1. 57 (Orn) 

C,H: ! 
I o- I 

3.49 (Orn) 

I c
8
oR 5.12 (Ser) 4.97 (Ser) 5.07 5.21 

CH._ 
-..) 

1.99 (Orn) ---- 2.07 --- --

NOH 9. 45 (Orn) 

Chemical shifts, r_eferred to TXS (ppm), of deferriferrichrysin and alumichrysin in d6-D:1SO, at. 

45 °C and 220 ~1:-iz. Labeling of res:l'.dues and their resonances follmvs the same convention as in Table 

I. In deferriferrichrysin D. denotes amide NH doublets and their spin-spin coupled C R's which arL . ~ - c:r-

unassigned either to seryl or ornit'hyl·residues. Those resonances denoted by (Ser) anci (Orn) were 

unequivocally assigned by double resonance, by their chemical shifts, or both. In all cases, 

resonanses ordered under the same column are assigned to the same residue (s). The CI-L, resonance fur 
-..) 

alumichrysin is, as for the cases of alumichrome and alumicrocin, the average position of three 

closely spaced narrow peaks. 

I ,...... 
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amide b1~oadcning uas that • homonuclear double resonance experiments were 

rather unreliable since the aGlide multiplet· collapse \v.:1s detected poorly, 

thus making it equivocal to establish direct resonance assignments to 

the different protons in the molecule~ This need not be a matter of 

"' 
major concern as the alumichrysin spectrum should be a reliable guide 

~ 

to the id~ntification of the resonances. Additionjl resonances arising 

from the S-mcthyl glutaconyl group ,.,ere aasily inferred from the known 

chemical shi.fts of analogue compounds. Thus t;,he peaks around 6 ppm, 

slightly to higher field with respect to the 6.33 ppm Orn3 amide NH 

resonance, Here attributed to·the three vinyl hydrogens. Also some 

extra resonances appear in alumichrome A overlapping the broad ornithyl 

C0 H and C H band at 'Vl. 7 ppm. These Here attributed to the 6-methyl 
1.-l-- y- . 

glutaconyl ethylene hydrogens. 1\-w other perturbatory effects to be 

expected from the different nature of the hydroxamate acyl groups are 

also evident. One is the relatively enhanced resolution of the three 

sharp methyl peaks shown by the nlumichrome A spectrum. This could per-

haps be rationalized by noting that because of the rather extensive con-

jugation of the S-methyl glutaconyl group, its backbone structure should 

be quite rip;id. Hence the methyl groups in alundchrorne A may be restricted 

to relativc1y less symmetric environments and more subtly reflect their 

individual sidechain conformations. The other effect is on the C
0
H 

. 
resonances, since these groups are immediate neighbors of the hydroxyamate 

.... 
NOll group .. These peaks, although never directJy assir,ned because of 

decoupling difficulties in the alumipeptides, are knmvn from the spectra 

of the metal--free analogues; to lie around 3.5 ppm. Indeed, a compvrison 

of the alumichrysin and the alumi.chroDe A spectra sho\-.rs the resonances 

in this region are smnewhat different. 
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Table IV 

Deferriferrichrysin Al u..onichrysin 

Gly Dl D2 D.., D4 D5 Gly 1?er1 Ser,.. Orn, Orn2 Orn3 .J I ,t. J. 

H 0 I 'V5.8 'V6.5 "-'5.7 'V6.9 5.3 4.5 I :5.6 
4.8 5.5 7.3 7.8 2 I 

I ±0.3 ±0 .1 ' ±0.3 ±0.5 ±0.3 ±0.2 _,_o.z ±0.1 ±0.1 ±0.2 ±0.2 

I ' 
D:viSO I 4.7 7.5 "-'6.7' "-'4.6 8.2 5.9 I 5.5 'V2.1 3.7 5.6 6.9 8.5 

I ±0.2 ±0.1 ±0.4 ±0.6 ·:±0. 2 ±0.1 ±0.1 ±0.3 ±0.2 ±0.2 ±0.1 ±0.1 I --- l 

Spin-spin coupling constants (JNC) in Hz betweer,_ amide NH and C~ protons for deferriferri­

cnrysin and alu1J.ichrysin in vrater at pH 5.14 and in d6-DMSO. Residues are labeled as in Table IIL 

Values are averages derived from determinations at different temperatures. The uncertainties are 

their standard deviations. For alumichrysin in water the JNC splitting for the Ser1 ~~ could not -
..· . -

be resolved and is not reported. D.'s denote amides that aupear as doublets and that are of uncertain 
~ . 

assign!:lent as to whether they belong to seryl or ornithyl residues. Poorly resolved splittings are 

indicated by "'· Broadening is a relatively major source of uncertainty for the deferriferrichrysin 

-
aonide splittings in water. 
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In Figures 5 and 7 the amide NH resonances of deferriferricrocin 

and deferriferric:hrysin are shown in water (pH 5.14) and in d
6

-DMSO at 

three different temperatures. The \vidth of the overall amide region 

at 23.3"'C is 0.64 ppm in DMSO ~ 0.37 ppm in \vater for deferriferricrocin 

and 1.02 ppm in mJSO VS_ 0. 732 ppm in water for deferriferrichrysin. 

Thus for these peptides the same solvent effect found in deferriferri­

chromela appears, i.e., a v1ider spread of the amide NH :region in DHSO 

than in water, sugg~sting once again a less random environment (or more 

rigid confcrmation) for the deferripeptides in the less polar solvent. 

In this regard it is relevant to mention herethat addition of DCC1
3 

to 

deferriferrichrysin in DMSO results in a11 enhanced resolution of the amide 

NH resonances with further increase in the total spread of this region. 

Thus at room temperature a doublet shifts to J.m,rer fjelds out of the 

complex band composed of three resonances at about 6.8 ppm (see Fig. 7, 

spectrum at 23;3°C in DMSO). 

Another feature shm.,rn by Figures 5 and 7 and already found in 

the case of deferriferrichrome1a is a more uniform.temperature dependence 

of the amide NH chemical shifts in water than in d6-DHSO. Furthermore, 

while in \,rater the \vidths of the resonances nrc affected by tempera-

ture (hydrogen exchange broadening), this is·not the case in d
6

-DMSO, 

,,!here t:empL"rnt:ure jncrease results in (motional?) narrov.'ing. As a 

result, it was found possi~le to reso~ve satisfactorily over~apping 

amide NH rcson.:mcc~n in D:VISO, hut not in \-later, just by varyi.ng the 

sample; temperature. 

The temperature dependence of the amide N.!!_ r:hemical shifts, in 

both \-later and in d6--DMSO, for defcrciferricrocin and alumicrocin, and 

~.~ 

-~-
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f'Jr deferriferrichrysin and alumichrysin are shmvn in Figures 6 and 

8, respectively. The lines are least squares fits of t~e experi~ental 

points and the slopes are indicated in parentheses. As discusse.d for 

defcrrifcrdchrome and alumichrome
1

a the slopes of these linear pi.-:>ts 

serve as useful indicators of the extent of protection (whetitcr by 

steric shielding, intrrunolccular hydrogen-bonding or both) of the parti-

cular amidcs \vi thin the peptide structure. The wider range in slopes 

shown by the alw1d- versus the deferripeptides s~pports this contention. 

As Figure Sa shm.;s for deferriferricrocin in vlater, the complex band, 

which at 23.3°C occurs at about 7.3 ppm, does not allow complete resolu-

tion of the three overlapping resonances within any measurable temperature 

interval. At most a single triplet appeared to shift out tm·mrds rela-

tively l0\<7er fields as the temperature vms increased, so that a remaining _ 

triplet plus a doublet c:ou1d not be resolved. Hence, only the temperature 

shift of the center of these last t\·10 resonances, indicated by G
2 

+ n
1

, 

is indicated in Figure 6a. In the case of deferriferrichry.sin in d
6

-DMSO 

(Fig, 8b), the set of points for doublet 5 (D
5

) obviously does not satisfy 

a linear p1ot over the entire temperature range and the linear trend is 

manifested at only lower temperatures. As for the Drn
3 

llil resonance in 

the alumi-pept:i.de~;, the positive sign of the initial slope for the deferri-

ferrichrysin D
5 

Nil_ chemical shift might imply that the predominant thermally 

activated process is different for the1::e amides tl1an for the others • 

. 
While the amide N!!_ chemical shift temperature dependence for alumi-

crocin and for alum:i.chry.sin ju ~-:ater arc shovm in Figures. 6c and 8c, the 

complete spectra of these peptides neither in this solvent nor in n
2
o 

are presented; aside from the relative shifts of the amide WI resonances 
I . 

the rest of the tipectra differe.d little from that in d
6

-DHSO. TI1.e 60 HHz 

li 
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PMR spectra of dcfcrrifcrricrocin and defcrriferrichrysin in n2o have 

7 111 
been published. ' 

Proton spin-spin coupline constants for amide NH-C H interactions - a-

(JNC) are given in Tables II and IV for the free and chelated ferri-

crocin and ferrichrysin peptides in water and in d6-DMSO. As in the 

case of the ferrichrome pepticlcs, 1a the values are averages of determi-

nations at different temperatures v!ithin the range of the chemical shift 

temperature dependence studies, this treatment vlas again justified by 

an apparent jndependence of the JNC on tempera.ture within the experi-

mental errors. As mentioned above, the exchange broadening of the 

amide NH resonances of the deferri-peptides resulted in poorer resolution 

of their splittings. In these cases and/or V.7 hen the number of averaged 

data points ,.;as loH, the uncertainties \vere found to be rather large 

(e~, deferriferricrocin in H
2
o, Fig. Sa and Table II). Only those 

amide NH resonances \vhose multiplet structure could be resolved satis-

factorily or estimated from line shape are reported. In general, and 

as was the case for the ferrichrome pcptides,1 a glycyl amide NH triplets 

were rather poorly resolved. Thus, for Gly
2 

in alumicrocin the reported 

JNC \vas estimated from the line shape. The small splitting of Scr at 

site 2 \-!as not resolved in W;:t ter at pll 5 .ll!, probably because of exchange 

broadening, and hence it is reported neither for alumicrocin nor for 

alumichrysin in this solvent. The degree of reliability of the reported 

JNC 1 s is in each case reflected in the standard deviations and in most 

cases these uncertainties were small enough to allow useful conformational 

conclusion~; to be dr~n..rn. 

Iu }'igu:r.e 9 the temperature dependence of the alumicln:ome A amide NH 

chemical shifts is represented for comparjson with the corresponding 

"" 
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;) ? v 

alumichrysin plots (Fig. 8). The purpose is to estimate the effect on 

the overall stability of these peptides produced by a change in the 

hydroxamate acyl substituent, as inferred from these linear plots. 

The JNC values, ave.caged from these. data in water at· pH 5.1 (jn d
6

D.HSO 

the amide Nl!_ resonances are too broad), are given in Table V. 

Because the ionic radius of the diamagnetic Ga+3 ion (r "' 0.62 R) 
0 

is closer to that of Fe +J (r """ 0. 6ft 5i.) than is that of Al +J (r 
0 0 

0.53 .R), some of the PMR spectral properties of gallich:rome were 

examlned. The complete spectrum of gallichrome is not reported here; 

it did not differ appreciably from that of alumichron'e, la suggesting 

that the conformation of the two chelate::; is very similar, in agreement 

w~tQ the cell transport experiments by Emery. 12 Because our analysis 

will be focused on the amide Nl:l resonances as conformational probes for 

the whole peptide in solution, the amide JNC splittings and the tempera-· 

ture dependence of the chemical shifts for gallichrom2 in water are. 

reported in Table VI and Figure 10, respectively. 

Discussion 

In Paper I, la it was shm.;rn that the chemical shift temperature 

dependence plots for the deferriferrichrome NH's exhibited a narrmver 

range of chemical shifts and of slopes in H
2
o than in DHSO. These 

features, together \·Jith the corresponding JNC data, sugeested that intra-

molecular hydrogen bonding could be present in the. less polar solvent. 
' 

The data were consistent 'tvith an antiparallel 8--pleatcd sheet .structure 

for the demctallope.ptide in a
6

-DHSO, but not in Hater. For alumichrome, 

hoHevcr, the evidence pointed to a more rigid structure, \-lhich uas little 
I 

affected by the solvent compo~ition. Along these lines, i.e., pointing 

i . 
tm·~ard~~ fl 1 relntivcly more flexib J.e s true tun~ of the metal-· free pep tides, 

I 
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Table V 

Alumi.chrome A 

Gly Ser
1 

Ser2 Orn
1 

Orn2 
Orn

3 
' 

'V5.5 4.8 5.3 7.3 7.5 

±0.2 ±0.1 ±0.1 ±0.1 ±0.1 

Spin-spin coupling constants (JNC) in Hz ben-7een amide NH and 

C H protons for alumichrome A in Hater, pH 5.14. Residues are labeled 
a.-

conventionally in the order the NH resonances occur in scanning from 

low to high field strength. The splitting for the Ser 1 N.!! resonance 

is not given because of lack of resolution. The tricarboxylic acid. 

alumipeptide, dissolved in d
6

-DMSO, shmvs excessively broadened amide 

resonances; hence it is also not reported here. The more poorly 

resolved splitting of the glycyl NH triplet is indicated by "'· 

Table VI 

-

Gallichrome 

Gly
1 

Gly
2 

Gly
3 

Orn
1 Orn

2 
Orn

3 
-

5.9 'Vll. 6 "-4.2 5.6 7.6 8.8 

±0.1 ±0.1 ±0.2 ±0.2 ±0.1 ±0.1 

Spin-spin coupling constants (JNC) in Hz bct1vecn amide 1-Z!.!_ and 

C II protons for gallichrome in \Yater, pH 5 .1!1. The labelino of residues o.- 1..> 

follows the convention given in the text and used for alumichromc in 

Paper I. 1
a Values are averages, and their stand2rd deviations, derived 

' 

from detenninat:i.ons at different temperatures. Poorly resolved splittings 

arc indicated by "'· 

f 

... 
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it is found that successive substitutions for Gly
2 

and GJ.y
3 

in j:erri-

chrome by se.ryl residues appears to have a smaller influence upon the 

PMR spectral properties of the alumichelates as contrasted to the metal-

free forms. Comparison of Figures 6a, 6b, 8a and 8b l'litlt the corres­

ponding plot,~ for deferriferrichrome
1a reveals th,at these substitutions 

-:c"" ?-;t 
result in the. amide NH resohanc'i~s o£ each demetallopeptide showing '"ider 

ranges both in their chemical shifts and in the slopes of the linear 

temperature dependence plots. These data are sununarizcd belO\v: 

Slope Range
3

. Chem. Shift Range 
(ppm/ ° K) xlO (ppm at 23°C) 

water d6-DMSO water d
6

-DHSO 
---------

deferriferrichrome 1.21 2.81 0.37 0.57 

deferriferricrocin 1.9'• 4.10 0.37 0.64 

deferriferrichrysin 5.14 7.93 0.73 1.02 

Although the rather serious steric restriction imposed Ly the cyclic 

nature of the peptide is a major confonnational determinant, the com-

parative evidence bet-..veen the different analogues indicates clearly 

that minor differences in the composition, arising from single residue 

substitutions, also ~;eiierate significant pressures in cs tahlishing the 

backbone conformation. As was observed for defcrriferrichrome, 1a the 

chemical shift and linear slope ranges for deferriferricrocin and 

deferriferrichrysi.n are llidcr in d6-;DHSO than in water, suggesting again 

a more constnnt environment for the amide hydrogens, or a more rigid __ con-

formation for the bnc:kbone. of the peptides, in the less polar solvent. 

Water and m1s0 are solvents' uhich amplify different effects; the first, 

solvation of the hyd:roxy1 si.de-chail1., and the second, ~rotection of the 
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intramolecula1- hyd-z:ogen bonds. Since ranges in the chemical shifts and 

in their teml-Jerature dependence are both narrm·:er for deferriferrichrorne 

than for the seryl demetallopeptides irt either solvent, it is suggested 

that the solvent confor.1national effects are larger in· these latter pep-

tides. 

The trend jn the ranges tabulated above indi-::.ates the seryl-for-

glycyl substitution .at site 3 is the one that results in the greatest 

conformational effects. In Paper r 1
a it was sho,.;;n that the solution con-

formation of derriferrichrome was consistent •vith a Schwyzer-type struc­

ture17 and that it is largely maintained in the chelate. If such a~ 

structure is accepted for the metal-free seryl peptides, the position 

of Ser
2 

\vould be such that its side--chaiL hydroxyl would be quite exposed 

to the solvent. This would not be the c;\se, hoHcver, for Ser
3

, '"hose 

side~dt.:tin, lying belmv the plane of the S.;..;folded sheet, vmuld find itself 

relatively more shielded to interaction \·lith the solvent, as an inspection 

of a CPK space filling model clearly shmvs. The more hydrophilic seryl 

side-chain vlill tend to offer maximum exposure of its hydroxyl group for 

hydrogen bonding to the solvent and in so doing will perturb the basic 

deferriferrichrome backb.one conformation. The conformational pressure 

from the hydration energy of Ser at site 3 might hence be larger than 

at site 2. 

ConformatioP2l ipfer~nc~~ ~ased p~ the ~0nperature dcpe~dence p~ots 

are less evident for the seryl deferripeptides than for dcferrifcrrichrome. 

This is because of their wider and more continuous range in slopes, \vltich 

makes it less obvious to classify them neatly as more and less temperature 

dependent. Steric hindn1nccs due to hu.lk spatial :i.ntcrfcrences bet\vecn 
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the side-ch3ins would be expected to result in different conformational 

stabilities for these cyclohexapeptides. With synthetic cyclic peptides, 

there is evidence su,:·.3esting that the number of cis peptide bonds increases, 

with conco·mitant decreases in the cyclization yields, as a result of increased 

i i f b 
. d ·

1 
. 18a, b ster c nter erence et1.veen s1 e-c 1a1ns. 

In \vatcr, where the temperature dependence of the different defer ri­

ferrichrof'lc amide NH's is quite paraliel,la the resonances labeled n
4 

in 

de.ferriferricrocin and n
4 

and n
5 

in deferrifer"richrysin show temperature 

dependences that are significantly weaker than any of the :tm' s in deferri-

ferrichromc, Steric and hydration energy conformational pressures could be 

such that even in water some amicle hydrogens noH become internal in a con-

formation different from that of deferriferrichrome. In d
6

-DMSO n
1 

and 

n
3 

in deferriferricrocin (Fig; 6b) and n
2 

and n
3 

in deferriferrichrysin 

(Fig. 8b) shot-1 reduced temperatur8 dependencies, while n
5 

in deferriferri-

chrysin is rather unique among the demetallopeptides in that it exhibits a 

posftive slope at lo\·7er temperatures (linear region) and plateaus as the 

temperatur~ is raised. As will be seen below, in good agreement with 

the PMR and X-ray correlations previously reported for ferrichrome,
1

a the 

comparative evidence betHeen the alumi--analogue~; proves that Orn
3 

corres­

ponds to Orn
1

. Thus, as already conjectured for the case of alumichrorne, 

the evidence supports the vie~:v that a non hydrogen-bonde.d, s terically buried 

amide NH can e.>:hibit positive slope in the chcmic.al shift vs temperature 

plot. The positive slope shmvn in Dl-ISO by the deferriferrichrysin D
5 

amide NH 

(Fig. 8b) hence reinforces the idea that the conformation arising from the 

I 

introduction of a second sctyl at site 3 results in stcri.c hindrance for 

this amide hydrogen (cowpare with equivalent plot for dcferd.ferricroc:l.n, 

Fig. 6b). 
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Since both seryl demetallopeptides show at least two amide NR 

resonances with a decreased temperaturedependence in DMSO, it is pos-

sible that a Sdn,-ryzer confonnation might be present in either of them. 

Ho>-Tever, in the case o£ deferriferricrocin the particular conformation 

does·not correspond to that for deferriferrichrome in DMSO. This would 

require antiparallcl pairing of the site 3 residue with Orn
3 

so that 

in deferriferricrocin at least one o£ the gly:_Yl Nl:_!_' s, a triplet, should 

be in a tran,~annular H-bond and hence manifest a reduced temperature 

dependence. This was not observed. Orice again this points to the con-

formational influence of the seryl-for-g1ycyl substitution even in the 

less polar solvent. 

The C II resonances also appear to be quite dependent upon confor­
o;--

mation, as a compari.son bet\veen the spectra of the deferriferri.chromes 

and the alumichron:es indicates. In the metal-free pep tides, hmvever, 

conformational dependent environmental effects on the chemical shifts 

should be diminished since the overall peptide backbone COflfonnation 

would be more fle:t:Jble relative to the alumi-chelntes. It is interesting 

to notice that, in d
6

DMSO, 
1 

Gly
1 

CJi- resonates at 3.74 ppm in deferriferri-

chrome,
18 

Gly
2 

at 3.75 ppm in dcferrifcrricrocin, and Gly at 3.77 ppm 

in dcfcrriferrichrysin (Tables I and III). Since the glycyl residue in 

deferriferricln:ysiri is necessar-ily at site 1, this correspondence implies 

that these resonance[-> be. assignable to Gly
1

, as \·;as proposed from inspection 

of the NH temperature dcpendence.
1

a ·Also, Gly
3 

CcJ!. is at 3.90 ppm in 

deferriferrichrome \vhilc Gl~ 1 Ca!l is at 3.88 ppm in deferrifc.rricrocin 

in <'l(;rcemcnl v!itli the beliC'.lC\that Gly
3 

correspond:; to Gly3 . Because 

of the unrcrtai.nUc:> in the =Jssjgnmcnt of the doublet NH resononces in 
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the deft~rrip£>pticlf•s, no correlation of thi.s type is possible be tween 

Gly
2 

in defe.rriferrichrome and the corresponding seryl residue in deferri-

fcrricrocin or deferriferrichrysin. }'urthermore, \vhile the three ornithyl 

C H resonances were neatly resolved as individual pcaks.in the deferrifcrri-
cx- . 

chrome spectrum,18 this is not the case for either seryl dcfcrripeptide 

where the C H n~sonances assigned to amide NH doublets by proton spin-cr-- -

spin decouplinz experiments arc more clustered together (Figs. 2a and 3a 

and Table:, I and III). The bulky and hydro]Jh:Uic character of the 

ornithyl hyJroxamate f:ide-chain apparently causes tlwse residu~s to 

be sterically more sensitive to the seryl-for-glycyl substitutions. 

Small rotations along the peptide. backbone bonds at the ornithyl sites, 

in new conforruations arising from single residue substitutions, could 

result in c11anges in the extent of anisotropic shielding cf the CJl 

from neighbor peptidyl 'IT bonds. 

Constancy of position of the aliphatic proton resonances of equiva-

lent residues at corresponding sites is more noticeable in the alwni-

peptides (compare Figs. 2b .and 3b, and Table I and III, and the chemical 

shift dati'\ for altmd.chrofile in Paper I
13

). An outstanding example is 

the Orn
2 

c
0
p_, whjc!t appears .1s an isolated band at !1,75 ppm in alumi-· 

chrome, 4.7!1 ppm in alumicrocin and 4.72 ppm in alulltichJ~ysin. The 

amide mi resonance for this same residue docs not shm.;r such a cons laney, 

reflectinf, its more subtle sensitivity to the environment, degree of 

exposure to the solvent and extent of hydrogen bonding. For these 

reasons, the amide NE!; resonances lJrove to be excellent conformational 

probes and mo~t of the discussion that follm,,s Hill be centered on them. 

In p::trtic.u1ar, in the altt1n:Lchro;,:cf; the pattc,rn of the omi.dc N!J resonances 

is surprisingly cle.:1r. BecLJ.use of the unequivocal Ds~;jgnm.:.'nt of the J 
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glycyl and ornithyl amic.les in alurnichrome its~lfl·-une_q_uivocol because 

the first arc triple.ts vhi.le the second are doublets--it is relatively 

unarnh.i.guow·; t.o rc.c.ognize in the seryl aJ und-pcp l' ides, hecau!:;e of their 

similar chemical shifts and JNC split:tings, 'those amide NH resononces 

corresponding to Orn
1

, Orn2 and Orn3 . Before discussing the alumichromes, 

it is pertinent to reexamine the intcry;retation r;ivcn to the temperature 

dependence of the amide Nfl. chemical shift. 

It can be thought that thermal activation. results in breakage of 

any structure in vhich the amide hydrogen participates. If i.t is hydrogen­

bonded it may break the bond, and in so doing will make the particular 

amide available for other interactions 'vhich are themselv~s temperature 

dependent. If it is buried within the peptide structure, H-bonded or not, 

therm.-~1 activation Hill tend to unfold the secondary and tertiary struc­

tures so that the buried amide will become more exposed to the solvent 

and hence susceptible to H-bonding 'tdth the solvent. For an intra­

molecularly H-bonded NH the activation energy of unfolding might be 

larger than the activation energy of H'-bonding and thus dominate the 

observed chemical shift vs temperature slope.· The net temperature 

dependent e.quil:ibrinm in the extent of intra- VE!_ inter-molecu13r hydrogen 

bonding Hill depend on the hydrogen-bond lenr;th, polarity of the solvent, 

and the rcla Live polari'zabili ty ui tlw donor and accep Lor groups. Thus, . 
alt.hou~h bcc~\tlsc of its lO\ver polarity VHSO aG a solvent is hetter than 

"'ater in protecting internal H·-bonds, NH hydrogen bonding to the solvent 

lV'ill be stronger in DNSO than in vmtPr because the: former is a better elec-

tron donor than is the J.atU:r. The analysis of this kind of plot is fur--

thcr coinpl:i.caLt.:cl l1C:cause. it c;:muot be <issumed (vj_0 .. (: . ..:!JIS~t.~) thut the al;~;oJ.ute 

.. 
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strength of an intramolecular hydrogen bond is solvent independent. 

These plots are, however, extremely useful in determining internal vs 

extern<1l (i.e._, expo;:;ed to the solvent) amide NH 1 s even if the complexity 

of its governing parameters makes it difficult to distinguish between 

the extents of the H-bonding and steric contributions. An attempt can 

' 
be made, hm·H:vcr, to clarify this aspect of the problem in the case of 

the complexecl peptides. This is possible because the basic alumichrome 

cbnformation is controlled by the coordination·· to the metal rather than 

by solvation effects, and hence solvent-induced cl1eroical shifts of the 

amide NH reson<nices may be interpreted solely on the basis of solvent 

stabilization of the peptidyl dipole. The temperature dependencies \vill 

be considered first, the absolute assignment of the resonances to the 

peptide sequence will then be made, nnd, finally, the solvent-induced 

shifts of the NH reson~tnccs Hill be rationalized in terms of the confor-

mat:ional model. 

Figures 6c and 8c show that in water, pH 5.14, the amide NH resonances 

of Gly
1 

and Ser in alumi.crocin and Gly and Scr1 in alumi.chrys:i.n shaH Luger 

temperature dependencies than do the other four amides. Similarly, these 

two pairs of Rmides exchange tlwir hydrogen for deuterium much faster 

than any other in the same per,tides upon dllution in n
2
o. This is similar 

to the behavior of the Gly1 and Gly2 amide N!!_'s in alumichrome. under simi-

) d · · la -' · · ' · 1 · · 1 · 1 b kl .ar con .Lllons~ anu 1.s ent1.re. y consJ.stent \•'lt 1 a peptH e ac · JOne con-

form:1tion vbere the amide hydrogens of residues at sJtes 1 and 2 an~ 

exposed to the solvent. It is then interesting to note that nl though for 

alurnichrot:le and alumicrocin in d
6

-DHSO the residues at sites 1 and 2 also 

shm._r hit:hc.r tcmper~·.LuTe clcpenclcncict;, f;uch docs not occur Hith alumichrysin 

here, Gly B tiJ 1 f;lw~,·:~ a hic;hcr slope but Scr 
1 

gives a reduced slope as if 
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this amide had become :rclativc·ly more protected in d
6

-DHSO. Inspection 

of a space fU.ling model cons true ted on the basis of the structure 

depicted in Figure 12 suggests contact interaction of the amide hydrogen 

at site. 2 Hith either its mvn or the site 3 (Le., Ser
3

) seryl hydroxyl 

oxygen. Since the effect is absent in alumicrocin, it appears likely 

that in solvents of lciv polarity the a'nide of Ser~ (site 2) could be 

hydrogen-bonded to the seryl hydroxyl of the residue side-chain at site 3 

only \.Jhen solvation effects on these hydrogen-:-.bonding groups are reduced, 

i,e., in D~iSO but not in \vater.. There is an alternative. possibility to 

be considerf'd, -however, i.e., that the protection of the Ser
1 

amide NH 

be a consequence of minor conformational differences between alunticrocin 

and alumichrysin and/or bet\v-een alumichrysin in ~-1a ter and in d
6

-m1SO, 

which could result-in improved ster:Lc shielding by the se.ryl side-chains 

without intramolecular H-honding. For those nrnidc hydrogens \vhich are. 

freely exposed and ltence hydrogen-bonded to the solvent, the trend to 

higher slopes in \vater relative to D~"fSO suggests weaker hydrogen-bonding 

in the former relative to the latter solvent, in agreement \vith their 

different electron-donor abilities. 

The remaining four amidcs shm-.r, in all the analogues, smaller tcm-

pen-J.turc clepenclcndcs as judged from the ahsoJute valucH of the sJ opes. 

They 1nay be classified as "internal", Hhether H·-bonded or not. The Oru
3 

Nl!_ \vas assigned priraarily to the buried amide hydrogen of Orn
1 

\vhi.ch, in 

the steric model (Fig. 12) is not hyJrogcn-bonded.la The thermally 

activated unfolding of the peptide should re.sult in exposm:e of this 

amide for hyJrogen--bonding to the solvent, hence in an increased dcshieJding 

in agreement Fith its positive sJope in all the analogues (Figs. 6c,d; 
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8c,d; 9a,b; 10; and Paper r1
a}. The r·P-duced slope in DNSO relative to 

\<:at.er might be a manifestation of a tighter structure in the less polar 

solvent becau~;c of reduced ionj_c dissociation of the complex. Thus the 

amide NH of the residues at sites 1 or 2 (freely exposed, intermolecularly 

H-bonded, i.~~· large negative slopes) and Orn~ (deeply buried, not 

hydrogen~bonded, i.e., small positive slope) exemplify two extremes. 

Intermediate cases are the Orn~, the Gly or Ser at site 3, and Orn1 . 

Orn2 is assigned to Orn
3 

paired to U1e site J -residue in a type of S-fold 

structure. As discussed previously, la these t\W amides are conformationally 

quite equivalent. The temperature dependence of the amide chemical shifts 

tcllCls to suggest a more protected location for the site J Nl!_ than for 

the Orn2 N}.!. Hi thin the molecule, as the posi tivc slope for the Orn~ 

resonance lndicates. By contrast, hydrogen-deuterium exchange experiments 

in D
2
0, B, 19 

shm-;r that the Orn
2 

l':!l exchanges more slmvly than does the 

residue at site 3, suggesting that the former is more stable \·Jith regards 

to interaction with the solvent than is the latter. The enhanced kinetic 

stability of the Orn
2 

NH against hydrozen exchange might be attributable 

to a stronger transannular hydrogen bond relative to the residue at site 

3. Finally, the reduced temperatu.re dependence of the Orn1 NH resonance 

(attributed to Orn
2

) can be rationalized according to the conformational 

n1ode.l in Figures 1 atld 12, \vhich sho;.7s this amide is at tach eel to its mm 

side--chain in n relatively short ll·-bond. 

Jt'igure~; 9a and b reveal similar plots for the amide NH 1 s of alumi-

chrome A, Comparison \\':i.th the equiVJlent plots for alumichrystn (Figs. 

8c ;:~nd d) shm,'s that the overall pattern o£ these plots is very similnr 

for l>olh ;an;~lo;:uC's. Like ahuniclwys:in, nlum:ichromc A also ~•hm·If; tbe 

-·~ ~~ 
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drastic change in the Ser
1 

N!!_ slo.Pe when going from water to DHSO. 

Although a direct comparison of the temperature dependence plots for 

alumichrysin and alumichrome A in DNSO might be risky, given the acidic 

character of the solution of the latter peptide, the smaller differences 

in slope of the corresponding amides in both compounds indicate minor 

confonuat:ibnal stability differences. These can be attributed to dif-

ferent ornit:hyl side-chain acylating groups in the two compounds. The 

larger absolute values of the alumichrome A sJ:opes relative to alumi-

chrysin stiggest th~ a-methyl glutaconate-containing peptide to be con-

formationally less stable than the acetyl analogue. These differences, 

vhich are not apparent from the pattern of the amide NQ_ resonance region 

of the spectra, are highly magnified iu the hydrogen-deuterium exchange 

b h . h . h . . 1 . 1 h. . . 8; 19 e av1.or, v ... J.c lS J.n camp e te agree .. wcnt \;TJ_ t 1 t 1.s VJ.e~v-. 

Si.mi.l.:1.r com~Jal:isons can be established bet~,rcen galJichrome and 

alurnichroml:!, whose amide NU, temperature depcondence J:>lots ·for their 

aqueous solutions are given in Figure 10 and in Paper I .
1 a Thus, vJhile 

Gly1 , Gly2 and Orn2 shaH similar slopes, those amides that are closer 

2 3 
to the metal, namely, Orn1 , Gly3 

1 and Orn
3

, arc those that are more 

affected. This might: be a rP-flecU.on of a different conformational 

stability and/or degree ~f exposure around the coordination center 

resulting from the different ionic radii and binding affinity for tltc 

two metal ions. This inter.pretation is aga~n confirmed by the hydrozen-

deuterium exchange behavior in o
2
o, Hlticlt clearly shaHs that the slO\dy 

h . . d . 1 f.. • 11' 1 . 1 • 1 . 1 8 ' 19 exc angJ ng a;;n es exc 1ange aster ~n ga 1.c won;e t 1an J.n a um1.c Jr(Jme. 

Previously the ass:L13neinnt of the· Pl.fl-t resonances ~~Tas h.::.sed on the 

t . r tl 1 . d . . f I X d J la Tl . . . r· .. d . assump 1.on DL 1c va 1 1ty o t te .-ray moe . . lJ.s was JUStl. 1c s1.nce 
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the P:t:ill dnta for alumichromc. in solu Lion shoved excellent agreement with 

such a model. Throughout the previous discussion that modd. was tacitly 

assumed to be adequate for all the analogous alumichromes. It would be 

desirable, hm.;rever, to. assign the different resonances to the primary 

structure of the peptides on the sole basis of the PHR evidence so that 

the X-ray model could be tested independently. 

An attempt v.rill be presented here to reach a definite assignment 

of amide NH resonances from the comparative ev..idence provided by the 

different analogues and perturbations arising from the ·solvent and metal 

substitution. 'fhe requisite information is contained diagrammatically in 

Figure 11, where the chemical shifts are all referred to the methyl peak 

in 'l'BA and for spectra recorded at 56.5°C. For the sake of unity in the 

exposition some of the data already discussed \v:Lll be reexamined briefly 

and the information that is useful for the comparative analysis ~vill be 

stressed. 

-The amide NH region o£ gallichrome in \va ter (Fig. lla) allows one to 

distinguish ornithyl from glycyl resonances since the first are doublets 

and the second triplets. Barring complications, inter- or intra-molecular 

hydrogen-bonded ami des \·Jill experience posi tivc increments (i_. e., to 

lmllcr field) j_u their chemical shift!:>. Ho\..revcr, <u-td as discussed earlier, la 

other factors lllay cause the amide N.!.!_ resonances to exhibit shifts of either 

sign, depending on their 'particular cnvironn1ent. Thus the inference of 

a conformation on the basis of a single spectrum i~; unfeasible. 

Upon subt.>t:l.t\lti.on of Gn+3 by Al+J (compare a and b j11 Fig. 11) Gly
1 

(1Cl53.5 it~:), Gly
2 

(1580,7 Hz) and O:ru
2
. (1506.5 Hz) are little affcclcd, 

\·Jhi1 r::. the other three NH rcson<mces appear to suffer a more signific<'lnt 
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perturbation. We interpret this to mean that Orn1 , Gly3 and Or~ experience 

a more pronounced environmental change induced by the metal substitution 

than do the. other three residues; hence they may be spatially located 

closer to the m2.tal ion. This was also apparent from analysis of the 

temperature dependence of the NH chemical shifts (see above). 

On substitution of Gly2 in alumichrome by Ser
2 

in alumicrocfn the 

spectra shm-1 that the triplet at 1671+.5 Hz disappears and is replaced 

by a doublet at 1611 Hz (com·pare c and d in Fig. 11). This enables the 

assignment of these peaks to the residues at site 2. A further substi-

tution of the glycyl residue at site 3 in alumicrocin by a seryl in 

alumichrysin eliminates the triplet at 1259.3 Hz and results in the 

appearance of a doublet at 1356Hz (compared and e, Fig. 11). Thus 

these resonances are assigned to the residue at site 3. Siuce there is 

only one glycyl residue in alumichrysin, the assignment of any :t\Tfi triplet 

in this peptide is unrunbiguous. The triplet at 1706 Hz is then assignable 

to the glycyl at site 1, invariant in all the analogues. All the non-

ornithyl amide NH resonances and those spin-spin coupled to them are thus 

unequivocally nssigned. 

Inspection of the X-ray model of ferrichrome A (Figs. 1 and 12) 

indicates that: seryl-for-glycyl substitutions at sites 2 and/or 3 should 

leave th;; Orn 
2 

amide NH r~:sonance rclat ively unperturbed, since this residue 

1 3 is both sanch.;j c.:hed beUvcen ti-le unsubstituted Orn and Orn , and also 

hydrogen-bonded to its oHn side-chain. Any perturbation originatinr, at 

sites 2 or 3 is thus buffered, insuring a rather invariarit environment 

for this proton ~'<"hich should result in constnncy of its chemical shift on 

goinr, from alUJaiehromc to v.lumicrocin and to o]UIGichrysin. Indc.e.cl, as 
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can be seen in Figure llc, lld and lle 1 there is onl:y one oxnithyl amide 

NH ~vhose (doublet) resonance shm,'s an invariant position in the three. 

analogues, namc>-ly, the doublet for Orn
1

• Hence this peak can be assigned 

2 
to Orn • This assignment is confirm2d by comparing the spectra of alumi· 

chrysin and alumichrome A. As shmm in Figure 11 e and f, the Orn1 Ng_ 

resonance is most affected by the substitution of the ornithyl side-chain 

acyl group. The amide hydrocen best situated to sense this partitular 

perturbation should be the one thal i~; hydroge_~1-·boncled to the hydroxamat~ 

2 
group, namely, Orn (Fies. 1 and 12). Furthermore, and as discussed above, 

the Orn
1 

N'_i resonance is found sensitive to the metal substitution (Fig. 

11 a and b) as vmuld be expected for c-m amide hyc1rogen"-bonded to the 

metal coo:r.din<:•t.ion center in· a stable fashion; according to the X-ray 

data this is a short H-bond: 2.80 R. 
The substitution of the glycyl residue at site 2 in the transition 

from alumich.rome to alumicrocin also penni ts assignment of the Orn
2 
~­

resonance to Orn
3

. As is shovm in Figures 1 and 12, and even better in 

3 space filling models; the particular location of the Orn amide hydrogen, 

lying immediately adjacent to the 1T electron cloud of the peptide bond 

. 1 
betv7een the amino of Gly and the carboxyl of the residue at site 2, should 

make its chemical shift relatively sensitive to the·substitution at site 2. 

Furthermore, the entire electron cloud of the peptide boud bct\·7een resjdues 

. 
at sites 2 and 3 will be sensitive to U1e ie~idue substitution at riither 

site or both. 
3 

According to the X-ray model (Fig. 1) Orn · j s transanuularly 

hydrogen-:bonded to the carbonyl of the re~;idue at site 3, and hence it should 

sense the substitution at site 2 and reflect it in a resonance shift. As 

c~an be~ BCi:.:u J.u Fj ~~urc: 11 (coql~tnc: c and d) of tlic three ornitllyl n'sonanr:cs, 

Orn
2 

is the r.1o:;t affected by thP. substitution. 
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Similnrly, it may be argued that the serrl-for-glycyl substitution at 

site 3 should also affect the local susceptibility felt by the. Orn~ amide 

hydrogen since this substitution novr directly affects the carbonyl at 

site 3 to vrhich this amide is hydrogE!n--Londed. This is consistent \vith 

the observed shift of the Orn2 NH.resonance on going from alumicrocin to 

almnichrysjn(d and e in Fig. 11). Ho,,;rever, this substitution also affects 

the chemical shift of the Orn
3 

hll resonance. Since the Orn1 and Orn2 · 

ornithyl douLlets have already been asdgncd, -~Y climinaU.on, the Orn3 NH 

resonance can be assigned to ~ru1 . As shovm in the steric model (Fig. 12), 

this particular amide hydrogen lies buried vrithin the pouch formed by the 

three coordinated ornithyl side-chains and the peptide backbone plane. 

Hence substitution of tl1e glycyl at site 3 in alumicrocin by seryl in 

alumichrysin is operationally equivalent to a substitution of a single 

ex-hydrogen by the bulkier seryl side-chain, which results in further 

covering the Orn1 amide hydrogen. Such increase in the steric shielding 

should result in a shift of its resonance to hieher fields, which is 

observed jn Figure 11 d and e. 

It should also be noted in comparing the spectra of all the almai-

1 peptides in DHSO, that the Gly
1 

l\11! resonance shifts 16 Hz tm·rards loHer 

fi_elcls in· the tr.:msition from alumichroille to alum:i.crocin, and this can 

be attributed to a direct perturbation of ~ts local susceptibility by 

. 
the seryl-for-zlycyl substitution al site 2: it is hence a nearest 

neighbor effect. l11 the progression alumicrocin ~ alumichrysin + 

1 
alumichrome A the posiU_on of the Gly

1 
N.!i_ resonance remains practically 

unaffected. Since the compositional replacements are rather remote from 

site 1~ this lack of effect is entirely consistent with a proton at this 

' . 
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site that is fully expose? and does n.ot interact vd.th_ distant parts of 

the molecule, 

Another effect of interest is the shift of the Ser
2 

amide NH 

resonance from 1611 Hz to 1522.5 Hz on going from alumicrocin to alurui-

chrysin in DMSO. The shift is concomitant with a rather drastic change 

in the temperature dependence of its chemical shift from a slope of 

-3 -3 -5.23 ~ 10 ppm/dcg in alumicrocin (Fig. 6d) to -2.69 x 10 ppm in 

alumichrysin (Fig. 8d). When discussing the relatively reduced tempera-

ture dependence in DlfSO it \vas areucd that in this solvent the overall 

. 2 
peptide conformation could be such that the Ser NH became either buried 

between or hydrogen--bonded \vith the seryl hydroxyl side~chains or both. 

Since on going from alumicrocin to aJumichrysin the shift of the Seri N!!_ 

'resonance is to;.mrds higher fields, it is suggested that steric shicldL1g 

rather· than intramolecular hydrogen bondine is tl1e cause of its hindrance 

to intcr<tction vrith the solvent in DHSO. 

Although the scryl-for-glycyl substitution should be expected to 

affect the chemical shift of the Orn~ amide NB_ resonance, i.ts direction 

is difficult to predict since the steric modifications brought about by 

the subs ti tutionr; could result in minor displacements of this hydrogen 

atom such that its net anisotropic eleetronic shielding \·Wuld be affected. 

Hith this reservation, it can be stated, hm·Jever, that the shift tm,1a1~ds 

lm.;er qelds observed for the Orn~ arni.de N!!_ resori;mcc OJl going from 
I 

alullticln:ome to alumicrocin and then to <1lumich1:)sin is consistent \vith a 

strengthening of Ll1f-' transannular hydrogen bond. It should be noted that 

the hLilkier scryl ~-;idc-dtnins by thelli.sc:Jvcs should n>.sult in increased 
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steric shieldinz and hence in shifts tm.rards highcr fields, whidL arc not 

observed. A similar effect seE>..ms to operate on the amide Nll of the resi-

due at site 3. The amide NH of the glycyl residue occupying this site in 

alumichrome appears little affected by the substitution at site 2 in going 

from alumichrome to alumicrocin (Fig. 11 c and d) . Hmvever, on going 

from alumicrocin to alumichrysin the NH resonance of Ser~ appears shifted 

. 3 3 to lower ffclds wJth respect to Gly2 in aJumicrocin and Gly3 in alumi-

chrome (Fig. 11 d and e). The effect of the s~ryl-for-glycyl substitution 

at site 2, alumichrome + alwnicrocin, is to shift the 1-\11 resonance at 

this site to higher fields. this probably reflects additional steric 

shielding by the bulkier seryl side-chains. By contrast, in going from 

alumicrocin to alumiehrysin the shift of the amide 1'-.'11 resonance of the 

residue at site 3 is tovmrds lo;.Jer fields. He interpret this as a 

3 3 strengthening of the Res NH···O=C-Orn transannular hydrogen bond. The 

8 19 relative rates of hydrogen-dcutE:rium exchange in n
2
o ' suggest an 

increased stability in the peptide conformation as the number of seryl 

residues increases, which further supports this interpretation. 

Solvent effects on peptidyl bonds and on amide hydrogen-bondirig 

are clearly evident in the amide N~_ spectral region of the alumichromes. 

These pcptides' are especially well suited to study such effects since 

the backbone conformation is severely constrained by chelation of the 
. 

metal and the solvent, per:_ sc~, seems to have only minor conformational 

effects. 

Dl1SO is a better electron donor than H
2
o and hence is a stronger 

hydrogen--bonding solvent for: c·xpof;cd N,!l' s. On the othc.r hand, Hater, 

althO\tgh a ,,1eaker electron--donor, is a het:ter clecu:on accr~ptor than 

•. 

-' 
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DJ1SO to R-borid to an~ fre.e 1 exposed caY;honyl oxygen atom. Thi.s inter-

action between water and a peptidyl C==O vill stabilize the net negative 

charge on the carbonyl oxygen thus resulting in an enhancement of the 

o-
Il + -C-NH dipole. Such local charge transfer can be readily detected by 

I 

its effect on the Orn; amide :t\T!:!_ cheraical shift (Fig. 11 b and c). As 

the conformational model shows (Fig. 12) this hydrogen atom is buried 

within a hydrophobic environment and does not undergo appreciable direct 

i.nteraction "YTi th the solvent. It is, ho>vever, part of a pep tide bond 
·. 

2 with the Orn residue whose C=O m:ygen atom is directly exposed to the 

solvent. The negative charge on this cax·bonyl oxygen is more stabilized 

in water than in m1s0 so that the net t-lectron density on the N!!_ proton 

will increase in going from the first to the second solvent. As Fig. 11 

shows, there is a shift of 19 Hz for the alumichrome Orn; N!!_ resonance 

in a direction that suggests increased diamagnetic shielding in going 

from water to DMSO, in agreement Hith the expected solvation effect. 

An example of the opposite type of effect, hE0_, solvation of the l'-i1l 

without affecting the C=O, is provided by the N!!_ of the. residue at 

site 2. This amide is directly exposed to the solvent for alumichrome 

and alumicrocin in either solvent and for alumichrysin and alumlchrome 

A in H
2
o, uhile its peptidyl-bonded carbonyl neighbor (namely, that~ of 

residue at site 3, see Fig. 12) is internal and involved in a trans-

annular H-bond. Hence any solvent--induced chemical shift should pri-

marily be due to solvaU.on (H-bonding) of the site 3 NH itself, effects 

through the C=O bei~g sterically impaired. According to the expected 

solvent effect, <1 shift touards Jm-:er fields should result from stronger 

H-bond:ing :Ln the lransiti<;n hOt:~ \·!.'ltcr to D!-lSO: indl:ed, Fi~. 11 slwh'S 
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2 
that such a solvent change shifts the alumic.hrome Gly

2 
l\fll resonance. by 

tv96 Hz towards loHer fields .. Furthermore.,, the alumic.hrome. Glv
1 

NH Jl -

group is also exposed to the solvent but peptidyl-bonded to a fully 

2 
exposed c~o (Gly) group (Fie. 12). As Figure 11 shaHs, the water to 

DHSO transition shifts this Glyi resonance by 41 Hz, L.: .. £.~, it undergoes 

2 
the same kind of solvation effect that the Gly

2 
NH exhibits but to a 

lesser extent. 111e 55 Hz difference bel\·JCen the solvent-induced chemical 

h · f 1 ·1 l , h GJ.'-' 2 ~Jt'1 1 b "l. d s 1 ts on t1e G y ana t e J •·~ resonances ~ay taus e attrluute to 

I Gly
2 c o 1 · h" h ff · ·r· 1 t'h (!J.v2-Gly1 tha11 t1e = so vhtlon w lC a· ·ects more s1gnl.1cant y e . _ -

3 '2 
the Gly -Gly · peptide bonds. That is, in the transition from Hater to 

1 . . . 
DMSO the net deshielding gained by the Gly

1 
N.!:!_ should be less than that 

gained by the Gly; Nil because of the· extra desh.ielding lost by the former 

due to the greater C:::O charge stabilization in Hater relative to Dl.1SO. 

Further insight into the effcc..:t: of C""O solvation on intramolecular H-bonds 

can be gained by observing the effect of solvent change on those tVJo 

amidc.s \'!hich <:!re internal, pointing in,·Ja rds from the ring, and presumably 

involved in an antiparalJ.el S-pleated sheet. As shm-m in Figure 12, 

the site 3 and Orn
3 

NH's are peptidyl bonded, respectively, to the Orn
1 

1 3 3 
and Gly . C"''O 1 s which are external. The GJ.y

3 
and Orn

2 
NH shm,r "-'38 Hz 

shJft in the transition from Hater to DNfiO, shift >-lhich is in a direction 

suggesting further shielding in mrso than in \vat.er. 

. 
1 

The Orn
3 

NH 

resonance, as previously discussed, sho\Js a similar effect but only 

half as extensive ns for those Nii. protons involved in the S-structure pair. 

3 This could be, a manifestation of sorae extra deshicldi.ng of the Gly
1 

and 

3 
Orn

1 
am·i de. WI 1 s resul Ling from a s trenstht~niug of tlte t:ransannuL:tr H-honds 

when the pc-pU.dyl dipoles are stabilized in water. On the other hc.1nd, 
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~ 1 ' 2 
the chemical shift difference bct~..re.cn the alumichromc>. Gly 

1 
and Gly 

2 
N[-l 

resonances in Hater (_'1..73 Hz) sur,gests that the N_!!_ charge stabilization 

due to C=O solvation is stronger than that due to the intramolecular 

3 
C=O H-bonding to the Orn2 NH. The same comparison in DHSO shovs a 

chemical shift difference of ""18 Hz indeed suggesting that the intra-

molecular H-bond is not strong, as would have been predicted from the 

2.99 R H·-boncl distance found in crystalline fcrrichrome A. 
3 

The analysis 

2 
is completed. by considering the alumichromc Orn1 NH resonance, which 

·. 
exemplifies a case of solvent-independent chemical shift (Fig. 11 b and c). As 

the model shoi.Vs (Fi~s. 1 and 12), this part:_cular 1~ is involved in an 

intramolecular H-bond to its own side-chain hydroxaruatc NO • Since it 

' 3 
is peptidyl·-bonded to an internal C=O (that of Orn ) , neither the NH 

nor the C:o-:0 shou1d sense solvent perturbations; hence its chemical shift 

should not be affected significantly by the transition from·water to 

DMSO~ as is observed. 

The selection of alumi chrome- on ~-~hich to base the discussion of 

solvent-induced Nli chemical shifts \vas founded on the absence, in this 

peptide, of any seryJ. residue which might complicate the analysis because 

of side-chain solv&tion effects. Qualitatively, similar effects arc revealed 

by the seryl alumipeptides ns well as by gallichrome. The gain in con-

formational stability in the nlumipepti.des upon succc~:sive scry1-for-~1ycyl 

st~bst:ltutions h<:~s already' been discussed. It has been noted (fig. 11) that 

on goin~ from alm01ichrorue -l- alu;nicrocin ->- .:1lumichrysin in DMSO, negligible 

shifts occur in the Orni Nl1_ H!sonance although the transannular Orn~ N}i 

doc.1; ~:hm·: a resonance shift frOJn J/f71.5 H7. --l- 1493 Hz ->- 1511.5 Hz. in a~rec-· 

ment \dt:h t1Je interp•:etation uf l:·bol\(1 st.renr:.tlwning. In watel~, ho•-1evcr, 
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Hhcre the solvent stabilizing effect is more noticeable because of 

3 
stronger seryl side-chain solvation; the shift of the Orn2 NH resonance 

is found to be more pronounced: from 1509.2 Hz -)- 1534 Hz -}- 159 7 Hz. 

Indeed, in uater, even the Orn~ NH shovs a chemical shift in going from 

one analogue to the other (1953.5 Hz + 1962.7 H7. -+ 1597 Hz), ·Hhich is 

also in a direction that suggests a stronger H-bonding. Consistent with 

this trend, a shift of 60.8 Hz toward lower fields is found for the site 3 
I 

seryl• HH on zoing from alumicrocin to c:.lumichr-ysin in vla ter. In summary: 

the amide NH chemical shifts of the dj_fferent ferrichrome analogues in 
also 

aqueous solution/indicate strengthening of intramolecular H-bonds upon 

successive seryl·-for-glycyl substitutjon and allm·JS prediction of the 

overall trend in the relative pep tide conformational stahili ty sho·;.;rn 

b h d D 1 d d . d , 8' 19 y t e ami e H-. cxc 1ange stu ies and J scusse elsevmere. 

The coraparative analysis presented above on the amide chemical shifts 

has made possible not only the achievement of a direct assignment of the 

resonances, based exclusively on PNR data, but also has rendered it 

possible to reach a finer rationaUzalioil of the relative chemical shifts 

of the amide N~~ resonances resulting from different perturbaU.ons. · The 

perturbations considered have been: (1) metal substitution (gallichrome 

vs alumichromc in water), (2) solvent composition (alumichrome in water 

vs alumichrome in D:>ISO), (3) amino acid substitutions (alum:i.chrorr.e vs 

alumicrocin vs alumichr:ysin in D:HSO), and (4) hydroxnmate substitution 

(alumichrysin v~ .:t1Ufi1ichrcme A). It could be questioned that since the 

chemical shifts of the amide l'Hl resonances arc temperature dependent, 

the analysis presented on l~bc basis of f>pcctro~;copic do.ta at 56.5°C might 

coJJ.c..psc nt other tcmper<:ltures, thus i.nvaliJaLing the concJusions. A 

' . 
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response to this possible objection is that. the. slope of the corresponding 

resonances are different but sufficiently ciose to render the above analysis 

valid at any temperature \·d.thi.n the range studied. As can be seen from 

the?. convergc::nce trend vh.ich all the amide NH resonances exhibit in the ... 
metal-free and in the chclated peptides, increasing the temperature results 

in further randomization of the conformation. Hence a comparative analysis 

at the lo\wst possible temperature would have probably been more significant 

and certainly desirable. lim-rever, the temperature (56.5°C) at \vhich the 
-. 

spectra in Figure 11 were recorded was selected not only because it is at 

about middle range betHeen the extremes at which the temperature dependence 

studies were performed, but also because at this temperature line resolu-

ti.on is about optimal, both in terms of line Hidth and line overlap in 

either solw.·.nt. ln sur:unary, the temperature Hill affect the magnitude 

of the relative chemical shifts for the resonances diagrammed in Figure 11, 

but the comparative trends shmvn in the analysis above are, for our pur-

poses, temperature independent. 

He have established tlte assignment of the. resonances to the absolute 

amino acid sequence in the aluruipeptides, and demonstrated its consistency 

with the X-ray model on the basis of the gross, hydrogen exchange behavior 

of the amidcs and the tcmpernturc dependence of their chemical shifts. 

It is nmv of interef:t to calculate the cp dihedral anglt·s for all the 

1 1 · P J.la f 1 · l ana oguc";, <.:s' \·las 'one 1n · a per _ . or a umtc n: orne, from the measured 

_( 
splittin3s for each NH doublet. For alu:nichromc, the correspondence 

bet\veen the X-ray and the PHR data Has sufficiently close that it allcMed 

a correct prediction of the .ornithyl resonance as~d.t;nm~.nts. The analogues 
' 

exnnd;.wd here· hlLr;Jduce one and t\:o scryl residue[~ in alumicrocin and in 
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alumichrysin ref>pect: ivcly and thus provide two nc1:x doublets to which 

Bystrov's fonuula
20 

can be applied, The <!>dihedral angles, calculated 

from awide N!I resonance doublet splittings measured in Hater and in m1s0 

(T b] II IV V VI d d · l' Ila) h . T bJ VII a .es . , , , , an at a ln a per . are s o-.;.,n ln a .. c . 

Given the rather large uncertainties inherent in the formula, the di£-

ferences be t\veen the calculated angles for corresponding residues in the 

analogues might be more significant than the absolute-values of the angles. 

These diffeJ:c:nC::es reflect both solvent effects. and inherent minor confer-

mational differences among the analogues. Small conformational differences 

bel-ween gallichrome and alumichromc and bet\·H?.en alum:Lcl1rysin and aJ.umi-

chrome A are indicated in Table VII(a) for aqueous solutions of these 

pcptidcs. Mor~ significant, although still small, arc the differences 

among alumic.:hrome, alumicrocin and alumichrysin, as sur,gested by the 

Orn
2 

and Orn
3 

1'-Hl-CaH bond rotations. It is ~LJso interesting to note 

here the constancy of the Orn
1 

<!> angle Hhich is also a reflection of 

the invari.:ttlt confon:ation of this residue (see above). By contrast, 

the rotation of the Orn~ NH-Cc/"I bond or! goinr, from alum:i.chrome to alumi-

crocin and from alumicrocin to alumicl1rysin might once again be a mani-

festation of minor rotDtions induced by different side-chain solvation 

effects. Jn mfSO (Table VII(b)), the trcrid rc·peats: the variations in 

3 1 2 
~ are larger for Orn 2 and Orn

3 
th~n for Orn

1
. It is interesting to see 

3 . 2 
that ~ for both Ser

2 
end Orn

3 
appears to be sen8itive to the solvent 

change, another expression of the marked conformational effect of 

solvation on the Ser; side-ch.:l:Ln. The cjJ angles reported by Zalkin c~ al. 3 

for crystalline. fcrrlchromc. A • (HrO) 
1 

are i.ncluded in Table.·· 
I I 

v:r r (c). Thr:~ .:l[;rCemcnt be LHeen the X-ray and the PNR values is exce] lent 
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Table VII 

Orn 
2 

(±6) (±7) (:!:12) (±22) 

a) H
2

0 

Gallichrome 105 30 80 

Alumic:hrome 105 30 83 

Alumi crocin unrcs 107 2ft 79 

Alumichrysin unres 10 105 27 89 

Alumichrome A unres 10 107 27 91 

----· 
b) DNSO 
----

A1umichrome 102 28 82 

Alumi.crocin 124 106 26 76 

Alumic.:hrysin 130 3 105 24 83 

·-----------··-

c) X-ray 
---~------

Ferrichn'lmc A 123 17 103 35 76 

Ser 
2 

Sc1: 
3 

Orn 
2 

Orn 
3 

Orn 
1 

-----------
The c'p dihedral angle bet\veen the HNC and the NC.H planes. Values ·-- a . a··-

in a) and b) are calculated from the amide NH - c li doublet spin-spin 
a:··-

spli ttings (JNC) in water an(l in deutcrod iml· thylsulfoxicle, respectively, 
20 

and on the basis of the f~emi-empirical·relat:ionship of 1ystrov ct al . 

Numbers in parcnthc~es, beJ.o;v- the Pi'1R labeling of the residues at the 

top of the t.::.<ble, are uncertainties m:h;ing fron Bystrov 's expression 

rather than from experimental errors in the JNC determinations. In c) 

the cp angles \v"J.th their co:n:espond:ing mnides for eTystalline ferri-

chrome A arc the values reported by ZalkJ.n ~:...1:. .Q)~.3 on the b~sis of X--ray 

studies. Tlte labc•b ng of the p:uticulm: re~~i clues acco::di.ng to an arbi tary 

PNR classificntion (subindices) ancl the ab~;oJ.ute sequc~1ee (f::upcr:i ntli cc~:;) 

foJ.lO\,'.S the convc.~ntion given in the texL-



Fig. 12 

for 
2. 

Se.ri 

for 
3 

0rn2 

and 

and 

2 
Orn

1
, 

1 
Orn

3 

good to fair (del?ending on the particular peptide.) 

. 3 
and relatively poor for Ser

2
• The corre.J.ation betHee.n 

the X-ra)' an~ the. PHR data thus appears to deteriorate as the value of 

<P decreases. This insinuates a variable accuracy of Bystrov's formula to 

relate JNC and ¢ over the entire range of values. In fact, the alumi-

chromes provide an excellcilt set of J values to adjust the parameters NC 

appearing in the semi-empirical formula on the basis of the X-ray angles. 

\Je have such \lOrk in progress. ·. 
In vie·iv of the extent of agreement be.tHeen the X-ray and PHR angles, 

the values in Table VII suggest that alumichrome (and gallichrome) have 

solution conformations closer to that of crystalline ferrichrome A than 

any of the analogues, alumichrome A ir;cluded. This paradox might be 

I 
explained by assuming that llystrov's equation is insensitive. to such 

minor conformati.onal distinctions because of the uncertainty in the coef-

ficients. Hm-rever, solvation e.ffects on the seryl side-chains, absent in 

alumichromc <md maxiluum in alum:i.chrysin and alu:uichrome A, could be crucial 

determinants of conformation. The poorer correspondence between the 

3 
X~ray and PNR ~ angle for Ser2 mentioned above, might thus reflect the latter 

effect. It is hence implied that the crystallographic model might better 

apply to alumichrome than to the scryl analogues in solution because of the 

relative .:lbscncc :in that peptide of solvation prcsr;ures on its backbone. 

The PH.R data for the' alumic.hromes is thus entirely consistent with 

the X-ray modeL The solvation effects that perturb this con.fon.1at.ion 

are rather sm;,:ll and involve rotation~; of the. bonds along the. peptide 

backbone. Such minor conformational d:i.ffcrences Fould affect the distances 

bctv.•een the site 3 and Orn; [llllidc~ NH ;;;ncl carl-oi1yl ~roupt; and hence modify 

the relative strcnf~t.h of the paired tn1nsnn.nular l~y~lroecn bonds·. This ~-wuld 
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slightly refine the. X--ray model and sugges-t the. possibility of a moulfle<l 

f.-fold structure for the metallo-peptide backbone, as shown in the model 

(Fig. 12). 

However, is the X-ray model the one most consistent with the PMR 

data? Or, \in other -._.ords, to what extent is the n1apping bet\.:een the 

measured parameters of the alurnipeptides I PHR spectra and Lhat C·'Jnfonr;a-

tion unique?~ Gibbons, Ncmethy, Stern and Craig have recently revie•v-ed 

critically the general problem of conformationql analysis of peptides in 

solution on the basis of PHR data. 
21 

As in the Russian- school (see, ~-' 

the PHR conformational analysis for enniatin B,
22

) these authors have 

emphasized the value of a set of <f> angles, determined from a Karplus-Bystrov 

type relationship, for evaluation of the energetically accessible regions 

of the <P-1/J confonnational map. The problem is then direeted towards a com-

putational search for the minimal c.:on[(Jrmation<Jl energies consistent 1d.th 

the set of derived ~ angles. It is curious that for the case of gramicidin 

S~ energy minimization calculations
23 

have shovn that when the iterative 

calculation is sturted from a Hodgkin-Oughton-Sch\·lyzer model (for \vhich 

the P!·ffi evidence is excellent
24

a 'b) the resulting s true Lure has an energy 

lo\v-er than for any other structure prevj ously computed. Similarly, the 

2 [" 
confotmational analysis of ~yclohexapeptides by Ra~akrishnan and Sarathy Y 

shmvs relatively good af,reeraent bcL\·rcen the crystnlline ferrichr01ne A 

structure and the minimum' energy (SchHyzer·-type) conformaU.on derived 

und2r the constraints of t>·?ofold symmetry Hit:h intramolecular hydrogen 

bonds. Since the latter calculat:Lon did not restrict itself either to a 

fixed set of q) angles or to the stcric requircr:12nt of (optically active) 

metal coonlin<JUon by the ornithyl f;ic1e-chct:Lns, thc~;e re:;ults again 
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indicate that the X-ray model, slightly perturbe.d in each. case by the 

particular primary structure of each. analogue, is most likely the only 

one compatible with the variety of PHR data reported here for the alumi-

chromes in solution. It should be stressed, hoHever, that it is the com-

parative PMR evidence provided by the different analogues that has allmved 

us to ;.justify: such a model with absolute independence from the X-ray 

data except, of course, as a most useful working hypothesis. 

The above discussion has been based on the. view that the observed 
-

PMR spectra correspond to the fundamental, ground state, and statistically 

most significant, conformation of each peptide. Although the role of the 

metal in stabilizing a certain conformation is obvious, the picture reached 

is static: it provides no maje>r clues regarding the extent of the confor-

mational stability. This aspect of the problem, namely, the dynamics of 

the conformation of 'the ferrichromes, has been approached through study 

8 19 of the kinetics of the amide NH hydrogen-deu·terium exchange ' and from 

. measurements of the relaxation rates of the nuclear resonances now in 

progress •. 

: 



6 . .J 

(l) (a) Papc.r I: M. LJ.j nils, M. P. Klein, :md J. B. Neilands, ;G._ Nol. Biol_?...., 

..:'12, 399 (1970). (b) A preliminary report was presented at Lhe Joint Hestern. 

Regional Neeting of the American Chemical Society and the Society for 
"' .. 

Applied Spectroscopy, San Francisco, California, October 6--9, 19 70. 

(c) Supported by grants froin the Nation'tl Science Foundation (GB 5276) and 

the Public Health Service (AI-04156), and the U. S~ Atomic Energy Commission, 

Taken in part from the PH.D, dissertati0n of H.:Ll. at the University of 

California, Berkeley, 1971. 

(2) A. Zalkin, J. D. Forrester, and D. H. Templeton, Scien~~-' lll6, 261 

(19 64). 

(3) A. Zalkin, J. D. Forrester, and D. H. Templeton, ~ Ar~~er ~ Ch~l!_~ _Soc~, 

_?8, U\10 (19 66). 

(4) H .. Keller-Schier1ein, V. Pre log, and H. ZMlmer, For~ch~_!_ _Chern. pr~ 

(5) J. B. Ne:ilands, Structure and Bonclina -------- -------=· .l_, 59 (1966)~ 

(6) J. B. Ne:Llands, in "Inorganic Biochemistry,'' G. Eichhorn, ed., 

Elsevier, New York, in press. 

(7) H. Kellcr-·Schierlein und A. Deer, He]:.~ .C.:~}_im:... Act<o~, 46, 1907 (1963). 

(8) H. Lli.nils, Ph.D. Thesis, Univ. of California, Berkeley, 1971. 

(9) H. Llin~s, D. Hyers, and .J. B. Nd.lands, ntanusc.ript in preparation. 

(10) H. Keller-Sch:i.crlcin, !fe1~~ Ch_t!~l_:_ Acta, ~-2.~ 1920 (1963). 

Moritz-Bad, 512 (1966) . .. -,-·----·--------



(13) W~ Crueger and H. Zlihner, Archiv fUr Hikrobiol., 63, 376 (1968). 

_ (14) H., zMhner, W. Keller..,..schierlein 1 R. HUtter, K~ Hess-Leisinger, 

an9 A. Deer, Archiv fllr Mikrobibl., '•5, 119 (1963). 

(15). T. F. Emery and J. B. Neilands, J. Amer. Chern. Soc., 82, 3658 

(1960). 

(16) To minimize the possibility of confusion in the comparison of 

spectra of the analogues, a given non-ornithy1 residue is labeled with 

a superindex according to the site it occupies in t:he absolute sequence. ·. 
This follm¥s the order used by Zalkin et al. 3 but differs· in that it 

stresses the site occupancy rather than the ordinal number of appearance 

of a given type of residue.in the sequence. 
1 Thus, Gly in ferrichrysin 

(and in ferrichrome A) is the only glycyl residue occurring in the peptide 

which would not, otherwise, require any superindex. 2 Similarly, Ser 

denotes the seryl residues at site 2 irrespective of whether it is the 

only one (as is the case of ferricrocin) or the first one (as is the 

cas~ of ferri.chrysin and fe.rrichrome A). We summarize here (refer also 

to Fig. 1) the convention followed throughout the text: 

site 1 site 2 site 3 

ferrichrome Giy1 Gly2 Gly3 

ferricrocin Gly 1 2 Ser· Gly3 

ferrichrysin Glyl Ser 2 Ser 3 

ferrichrome A Glyl Ser 2 Ser 3 

With the ornithyl residues no ambiguity is possible since the labeling 

is the same for all the ferrichromes and is identical to that used by 

3 
Zalkin .rt ~al. The use of subindexes follows the corNent:Lon established 

previously. la Thus, Gly. denotes that glycyl residue \\Those ami.de i.s the 
.J . 

-· " 



lt• .... 

j-th. glycyl NH to resonate in scanning from ·lovl to high fields. The 

subindex thus refers to a particular spectrun.. Occasionally double 

labeling, such as Orn~, has been used in order to stress the fact that 

we are referring to the se.cond ornithyl NH resonance .already assigned 

to the third ornithine in the amino acid sequence. 

(17) R. Schvryzer~ in "Amino Acids and Peptides with Antimetabolic 

Activity," G. E .lv. Holstenholme, ed., J. & A. Churchill, Ltd., London, 
·. 

19 58' p • 171. 

(18) (a) Y. Chen-su, K. Blaha, and J. Rudi!1ger, Collec·tion Cz€ch. Chem.!.. 

Commun., 12._, 2633 (1964). (b) K. Blaha, J. Smolikova, and A. Vitek, 

ibid.' 31, 4296 (1966). 

(19) M.Llinas, M. P. Klein, and .I. B. Neilands, Paper III in this 

series' . in preparation. 

(20) B. F. Bystrov, S. L. Portnova, V~ I. .Tsetlin, V. T. Ivanov, 

Y. A. Ovchinnikov, Tetrahedron, 25, 493 (1969). The relation is JNC(Hz) = 

(8.9±0,9)Cos
2
e+(0.9±0.9)Sin

2
e-(0.9±0.9)Cos e~ ~;,(~24o.:..e)- is defined 

a.ccording to the convention of J. T • .Edsall, P. J. Flory, J. C. Kendre>v, 

A. H. Liquori, G. Nemethy, G. N. Ramachandran, and H. A. Scheraga, ~ Hol. 

(21) H. A. Gibbons, G. Nemethy, A. Stern, and L. C. Craig, _Proc. Natl. 

Aca~ ~ci., .!!__:_~, §7, 239, (1970). 

(22) Y. A. Ovchinnikov, V. T. Ivanov, A. V. Evstratov, .Y· F . .Bystrov, 

N •. D. Abdullaev, E. M. Popov, G. M. Lipkind, S. F. Arkhipova, S. F. 

(1969). 



... so--

(23) F.. A. Mom amy~ G. Vanderkooi 1 R. W. Tuttle? an.d H. A. S che.r aga:, 

Biochemistry, .§_, 74l~ (1969). 

(24) (a) A. Stern, w. A. Gibbons, and L. C. Craig, Proc. Natl. Acad. 

Sci .. , U~S:.._, §1, 734 (1968). (b) Y. A. Ovchinnikov, V. T. Ivanov, V. }.<', 

Bystrov, A. I. Miroshnikov, E. N. Shepel, N. D. Abdu1laev, E. S. Efremov, 

andL. B. Senyavina, Biochem. Biophys. Res. Commun., 12_, 217 (1969) • 

. (25) C. Ramakrishnan and K. P. Sarathy, Int. J. Protejn Research, 1, --- .... ' -
103 (1969). ·. 



. . 

. -51-

FIGURE LEGEl\TDS 

Figure 1~ Struc.ture of the fe.rrichromes :i.rwestigated 'in this paper. 

·-
The numbers in circles label the sites and the ~-!~~acyl-6-N-:-hydroxy-~:-

ornithyl residues consistent with the convention used by Zalkin et al. 

for crystalline ferrichrome A.(n2o)
4

•3 R2 and R3 represent side-chains 

of those glycyl or seryl .res:f.dues at sites 2 and 3 respcctf_vely, site J. 

being occupied by a glycyl residue (R1=H). R represents the acyl group 

in the hydroxyamate moiety (acetic acid or trans-S-methyl-glutaconic acid) ·. 
and M represents the octahedrally coordinated trivalent metal·ion. H-bonds 

found in crystalline ferrichrome A are shown here by dashed lines. The 

compositional differences among the ferrichrome analogues studied here 
·-.. 

are: 

R2 R3 - +3 
R. M 

gallichroroe H H CH3 
Ga+J 

alumichrome H H CH3 
Al+J 

.alumicrocin . CH20H H CH
3 

Al+J 

alumichrysin .cn2oH CH20Ii CH3 
Al+J 

.alumichrome A CH
2
0H CH20H '--.../CH3 

n"'cu
2
coon 

1 All these pe.ptides contain the common tetrapeptide sequence H2NGly -

Orn3-orn2-orn1-coon bridging bet<veen. sites 2 and 3. 

Figure 2. The 220 HHz PMR spectra of (a) deferriferri.croci11 and (b) 

ahnni.crocin at l1S°C dissolved in d
6

-DHSO. The peak marked "solvent" 

,' 
arises from the residual H in d6-m1SO, and that marked t1

2
0 results 

from water residual after low pressure dessication over r
2
o

5
. In (a) 
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FIGURE LEGENDS (Cont.) 

the resonance at lowest field arises from the NOli protons of the three 

cS-N.,...acetyl-6-N-hydroxy-1_-ornithyl residues; the group centered at "'8.0 - - --- . ~ 

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

have disappeared as these protons are replaced by the metal and the NH 

resonances extend from lOto 6.4 ppm. The.peaks connected by light 

\ . 

arro~~s are coupled by proton-proton spin-spin interactions and were 

determined by double resonance. In (a) and (b) the resonance at "'5 ppm 

arises from the seryl hydroxyl proton. In (a), due to exchange, this 

peak is broadened, as is the hydroxamic NOH. Those peaks arising from 

exchangeable protons sharpen upon redti.cing the temperature to "'20°C; the 

triplet nature of the seryl c
6

oH resonance then becomes clearly apparent. 

The spectra are referred to internal TMS. 

Figure 3. The 220 HHz Pl'!R spectra of (a) deferriferrichrysin and (b) 

alumichrysin at /1S°C dissolved in d6-DHSO. The peak marked 11solvent" 

arises from the residual H in d6-DMSO and that marked n2o results from 

water residual after low pressure dessication over P2o5 . In (a) the 

resonance at lowest field arj_ses from the NOH protons of the three 

o-N-acctyl-6-N-hydroxy-1_-ornithyl residues; the group centered at: 

8.0 ppm is the amide NH protons of the six residues. In (b) the NOH 

resop.ances have disappeared as these protons are replaced by the metal 

and the NH resonances extend from 10 to 6.3 ppm. The peaks connected 

by light arrows are coupled by proton-proton spin-spin interactions and 

were· detennined by double rescn1ance. In (a) and (b) the resonances at 

"'5. 0 and "'5 .15 ppm arise from the two seryl hydroxyl protons. In (a), 

' due to exchange, these peaks are broadened, as is the hydroxn~nJ c NO.!:!_ 

peak. The peaks broadened by exchange sharpen upon reducing the tem-

perature to ~~0°C; the triplet nature ot the seryl ~OH resonances 
~~ -

then becomc~s elcm~ly apparent. 'rhe spectra arc referred to internal 1MS. 
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FIGURE LEGENDS (Cont.) 

Wlg~Ure 4q The 220 HHz PH:R spectrum of alumichro:.me. A Ctri,·m:boxylic, 

acid)_ at 45 °C dissolved in d
6

-DMSO. The. peak marked "solvent" ar.ises 

from the residual H in d
6

-DMSO. Due to the identical primary sequence 

between alumichrome A and alumichrysin, the assignments for the latter 

compound (Figure 3b, Table III) apply to the former. A few differences 

to be noticed here are: (1) the seryl C~OH resonances are absent in 

the alUru.ichrome A spectrum because of exchange broadening, (2) a set of 

peaks are present in the alumichrome A spectrum at '1.16 ppm \.;rhich do not ·. 
:appear in the alumichrysin spectrum, these being assignable to the. 

three vinyl protons of the trans~S-methylglutaconic acid group, (3) the 

C
0
!!_ resonances, which occur at "-'3.5 ppm, and are sensitive to the dif­

ferent hydroxamate groups_ in both peptides, and (4) a neater resolution 

of the methyl groups, "-'2 ppm, in alumichrome A relative to alumichrysin. 

The spectrum is referred to internal TMS. 

:l:!,igure 5. The amide 1'1I PMR region of deferrHerricrocin in water, pH 

5.14, and in d
6

-DMSO is shmvn in (a) and (b) r.espetively. Dotted lines 

indicate tel!lpcrature shifts of characteristic resonances. In DHSO the 

peaks are further separated than in H
2
0, \vhere the cluster of one doublet 

and two triplets at lmvet fields allows only partial resolution of a 

triplet at intennecliatc temperatures, leaving the other t\·lO unresolved 

. 
over the whole tcmperatur~ range. The spectra are ref£tred to internJl 

TBA. 

:Figure 6. The temperature dependence of the clH?Jnical sh:Lfts of the 

amide N11 protons of dcferrifcrricrocin and of <1lwnicrocin in \vatcr at 
·-: ! I 

1,. 
! . 
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pH 5 .l/1 and in DNSO. G, S and 0 denote glycyl, . seryl and ornithyl 

amide protons respectively, and the subindex refers to the order in 

vrhich they resonate in scanning from lo~1 to high fields. In deferri-

ferricrocin, D denotes an amide NH doublet assigned neither to seryl nor 

to ornithyl residues. The numbers in parentheses are 103 times the slope 

of the corresponding lines expxpressed in the graph units, i.e., -5.24 = 

-5.24 x 10-3 ppm/°C, The chemical shifts in both solvents were 

measured with respect to internal TBA. In aqueous solution of deferri-

ferricrocin Gly2 and the first doublet (D1) were never resolved and 

the J.ine labeled G2 + n1 refers to the.center of the complex band 

(see Fig. 5). 

Figure 7. The amide !\Tfl. PHR region of dcferriferrichrysin in 'tvater, 

pH 5.1!1, and in d6-DMSO is shoun in (a) and (b) respectively. Dotted 

lines indicate temperature shifts of characteristic resonances. Even 

though the peaks are less separated in n2o than in Dl1SO, the different 

temperuture dependence of the resonances and certain spectral details 

permit the peak drifts to be folloVJed unequivocally even in that sol-

vent. The spectrR are referred to internal TBA. 

Figure 8. The temperature dependence of the chemical shifts of the 

amide N!}_ protons of de.ferriferrichrysin and of alumichrysin in \,~ater 

at pll 5.11+ nnd in m-1SO. G, S and 0 denote glycyl, seryl and ornithyl 

amide protons, respectively, and the subindex refers to the order in 

which they resonate in scanning from lovJ to high fields. In clcferri-

ferrichrysin D denotes an amide NH doublet assigned neither to scryl 
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nor to o:rn:!.thyl x.:>sidues .. -o.J , The numLe·.cs in parentheses are. :.... t:L::nes 

the slope. of the corresponding lines expressed in the>. graJ?h units, 

L e., ·-8.09 "' --8.09 x 10-3 ppm;oc. The chemi.cal shH ts in both solveats 

were mea~an:ed with respect to internal TBA. 

Figure 9. The temperature dependence of the chemical shifts of thQ 

amide NH protons of alumichrome A in water at pH 5.111, and in d
6

-DMSO. 

G, S and 0 denote glycyl, seryl and ornithyl amide protons respectively, 

and the subindex refers to the Clrder in '\1rhich they resonate in scanning 

from lo'i-1 to high fields. The nu!nbers in parentheses are 10
3 

times the 

slope of the corresponding lines expressed in.the graph units, i.e., 

-2~14 = -2.111 x 10-3 ppm;oc. The chemical shifts in both solvents were 

measured with respect to internal TBA. 

Figure 10. The temperature dependence of the chemical shifts of the 

amide N_Ii protons of r;allichrome in water at pH 5. JA. 0 and G denote 

ornithyl and gJ.ycyl amide protons respectively, and the subindex refers 

to the order in \<7hich they resonate in scanning from low to high fields. 

'fh.e number in parentheses are 10
3 

times the slope of the corresponding 

-3 
lines expressed in the graph units, i~~' -2.13 = -2.13 x 10 ppm;oc. 

111e chemical shifts were measured >·lith respect to internal '.I'BL\. 

Figure 11. Diagrmnatic. representation of the amide illl resonance region 

of the ferrichromc analogues under various conditions. The spectra. 

were all obtained at 56. 5°C and referred to internal Tlli\.. Eacf. 8pectrum 

is 1.:\hclt~d at the left nccorcling ,to the compound and sol.vent. Triplets 
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. , 
anLL cloublets derive h·orn ei.ther seryl or 

ornithyl amides, It is possible to distinguish the seryl from the 

ornithyl resonances by comparing the spectra of alumicrocin vs alumi-

chrome, and of alum:ichrysin ys alumicrocin, since a single seryl-for-

glycyl substitution occurs between each pair. Thus in alumicrocin the 

doublet uhich occurs at 1611 Hz corresponds to· its single seryl residue. 

This resonance shifts to 1522.5 Hz irt alumicrysin (the correspondence 

being ascertained by their similar doublet spli.~tings), w·hile a second 

seryl-for-glycyl substitution (alumicrocin -+ alumichrysin) results in 

the doublet at 1356 liz \vhich is hence assigned to a scryl residue in 

both alumichrysin and alumichrome A. 

Figure 12. The solution confonnation of the ferrichromes. Bonds along 

the pe-ptide backbone are drm-m u·ith heavier lines. H atoms are not 

shmvn with the exception of the four amide hydrogens that manifest 

reduced interaction \vi th the solvent; of these, the one belonging to 

Orn
1 

is buried bet\veen the peptide backbone ring and the chelated side-

chains and the other three are intramolecularly H-bonded. The proposed 

H-bonds are: 3 
1) betHeen the amide proton of Orn and the carbonyl oxygen 

of Res 
3 

(residue site 3); 2) between the amide of Res 
3 

and the at proton 

·carbonyl of Orn 3 and 3) bet\-.rcen the amide of Orn 
2 

and the oxygfm ) proton 

. 
o-N-hydro:i~yl oxygen atom on the same residue. The first anu third were 

predicted from X-·ray data and the second revealed by this \vork. A dis-

tinction is wade bet\·Jcen 1nore (---) and less ( · •d stable H-bonds. For 

all the ferrichrorM~s studied, the residue at site 1 is ahmys glycine 

(R
1 

= H), Hhile r.? .<md R
3 

may be ll or CH
2

0H (glycyl or sc.ryl). 
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R denotes methyl for all the. pepti.des except. for fer, rich rome A \vhere it 

represents the -~2-S-me thyl glutaconyl group (see legend to Fig. 1). 

Th0. conformation depicted here is basic for all the alumichromes and for 

gallichrome; hov!ever, for eacn compound minor solvent-dependent pe:cturba-

tions arise \vhich arc apparent both in the nm. spectral parameters and 

in the amide H-D exchange kinetics. Hence the relative strength of the 

intramolecu1ar H-bonc.ls, as \\'ell as the degree of mnide hydrogen steric 
·, 

shielding, varies among the different analogues and from solvent to solvent. 

I ., 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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