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The Solution Conformation of the Ferrichromes. II.la’b’c

. * . ~ R
- M. Llinds, M. P. Klein and J. B. Neilands

Contribution from the Department of Biochemistry and the Laberatory

gg;Chemical Biodynamics, Lawrence Berkelev Laboratory, University

of California, Betkeley, California 94720

ferric cyclohexapeptides whose general composition is represented by

[‘Rezsg"-Resz‘—G].ylv--O'Jr_'n;)'-Orn2-—Ornl—l where the Resz_’3 sites are occupied by

1,2,3

glycyl or L-seryl residues and Ornm stands for §-N~acyl-6~N-hydroxy-

L;ornitﬁyl. The latter provide the hydroxamate ligands which coordinate
the metal ion. The 220 ﬁHz proton magnetic resonance (PMR) spectra of the
metal-free and of the chelated peptideé in aqueous and in deutero-dimetiyl
sulfoxide (d6wDMSO) solutions are reported and analyzed in terms of the
molecular conformatioﬁs. Because of spectral line broadening by the para-
magnetic Fe+3 ion, tﬂe Al+3 and Ga+3 chelates weére used, _The chemical
shifts of the anide proton resohances and their temperature dependepcies

are consistcnp'with a structure containing two transannular hydrogen bonds
in the metai4freé peptides~in d6—DMSO and in the chélates_in either solvent.
Such hydrogen—-bonding results iﬁ an antiparallel 8—pleatéd sheet structure
as in- the Schwyzer model for cyclohexapeptides. In terms of_sites paired

By hydrogén bnnds, hqwever, the B-fold differs among the dgmetallopéptides
but not amony the chclates: In water a rather randoﬁ conformation:is
suggested for tﬁe metal-free peptides. We Qropose that a fundamental role

of the metal is to enforce the structure of the peptide backbone; thus

conformationol differences resulting from residue substitutions at sites
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2 and 3, as-wéll as from solvation effects, are eliminated upon its
binding. Mctal chelation ihdﬁces pronounced chemicai shifts for all of
the amide NH's and markedly reduces the temperature dependencies for four vl v
of theﬁ; Gross anide hydroéen—déuterium exchange kinetics in DZO indi~-
- cates that tﬁcse four émides'haﬁe a highly diminished interaction with the -
solvent. Thebcomparative spectra of the anélogous chelates pcrmité"unequivo—
cal-éssignﬁents of protén résonances fo residues in the absoiute sequence.,
The.magnitude of the amide NﬁjCéﬁ_spinFSPig couplings yields estimates of
the conformational ¢ dihedral angles. Aside from slight seryl side—chaih
sélvafion pressures, the PMR data for the éhelates in solution are in good
agreement with thé static X»ray crystallographic model for ferrichrome A.
Since the alumipeptide 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 peptidyl groups.
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}ntroductiq&

In a previous coﬁmunicationla the problem of the soluticn conformation
of fer;ichrome was stated‘and analyzed. It was found possible to corre-
late. the proton magnetic resonance (PMR) spectroscopic data for.the Al+3
ahalogﬁe (aiumichrome) of the ferric peptidevwith the X-ray structural
model for crystalline ferrichrome A tetrahydrate.2’3 Although the cor—.
respdndehce between these two sets of data proved to be excellent it
would be desirable to arrive.ét a model for the peptide in solution
which did not fequire the assis£ance of the X—ray data for its justi-
fication. 1In principle, the PMR spectrum of alumichromé should contain
211 the information necessary to derive such a conformational model.
For the time being, however, this task exceeds the theoretical develop-
ments. Accordingly, a more naive atteﬁpt to achiéve such a goal by an
experimental approach; ;ig;; diféct comparison’of several ferrichrome
aﬁaiaguéé, is presented,

Fefrichrome is one member of a group'of ferric cyclohexapeptides,

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

R053~Rés2—Rcsl—0rn3~0rn2*0rnlj where Orn~ and Res’ (i,j =1, 2 and 3)
denotes 6-Efacyl~5-thydroxy—k;ornithYl and L-alanyl, glycyl or L-seryl

4,5,6 The supraindices label the residues fol-

residues respéctively.
ldwing the order established by Zalkin, Forrester and Templeton in
their X-ray study of ferrichrome A.3 The sites along the peptide back-
bOne.occuﬁiod by Resl, Res‘2 ;nd Restwill henceforth be referred to as
siteé 1, 2 ana 3 respectively and should not be confused with those

held by the 6~§facyl"6—thydroxyy~g;ofnithyl residues. Althougﬁ "ferri-

chrome" denotes that particular member of the group for which sites 1,

2 and 3 are occupicd by glyeyl residucs and whose 6-N-hydroxy-L-ornithyl
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Gfgjacyl group is acetic acid, when uscd in the plural, i.e., "ferri-
chromes'', it is intended to mean all and any>of the analogues which
may not onlf differ in the residuecs at sites 1, 2 or 3 but also in tﬁe
acyl group of the hydro#amaté function.

The'opportunity is then afforded‘to compare the PMR spectra of
these poptides (metal{free and their }\1+"3 chelates) to see how these
substitutions affect their solution conformations as revealed by changes
in the spéctrum[ Furthermore, such spectra might proyide comparative
data which eoﬁld enable us to reach concluSions,.indepeﬁdent of the X-ray
model, regarding the assignments of the resonances to absolute positions
in the pebtide fing. Our_main concern will be to analyze the resonance
assignment problem and to eétablish,mo%é definite evidence for the con-—
formétiopal'modél (Fig. 12). The pgrturbative cffects of Singlé residue
substitqtions on the overall peptide coﬁformatiod will also be discussed.

Thc-d;ta presented in the frevious péperlafor ferrichrome will be
compared with those for the analogous seryl;containinglpeptides, ferfi—
crocin, ferrichryéin and ferrichrome A. As was done with ferrichrome,
the metal—free and Al+3 chelate peptides will be used. The gallic
(Ga+3) chelate of ferrichrome, gallichrome, will also be compared with.
.alumichrome.

»The amino acid composition of ferricrocin is known to be two moles
of glycine, one éf L;serige'gﬁd three of <S-§_—acet'yl-—cS~§,--hydrqu—L:~
ornithine77 Evidcnce thaﬁ its primary structure corrésponds to that
of ferrichrome, a seryi residue SUbstituting for a glycyl at site 2,
is pfesentcd separateiy. 8ﬂ9 . The PMR spectrum of its Al+3 chelate

(henceforth "alumicrocin") is entirely consistent with this sequencc.
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Ferrichrysin and ferrichrome A have the same aminc acid sequence,”’”

In common with ferrichrome and ferricrocin they contain the tetrapeptide

1

H NGlyl—OrnB"Ornz;Orn COCH but close the ring with serylserine. Jerri-

2
chrysin differs from ferrichrome A in that its acylating group is acetic
acid (as is the case in ferrichrome and ferricrocin), while in ferri-

o o e 43
chrome A it is trans—&—methyl’glutaconlc acid. The Al 7 complexes of
deferriferrichrysin and deferviferrichrome A are henceforth referred
to as "alumichrysin" and "alumichrome A," respectively.

The coﬁparative conformational study of the analogous cyclohexa-—
peptides investigated here is justified by their common possession of
the tetrapeptide containing the tri(é-N-acyl-6-N-hydroxy-L-ornithyl)
sequence (see aboﬁe)‘responsible for the binding of the metal, and also
by the evidence furnished by optical rotation studies in the visible

. o 1
and near ultraviolet. Blrer and Gulyas 1 showed that ferrichrome,
ferrichrysin and ferrichrome A have the same configuration around the
central Betal ion, namely, that of a left-hand propeller as found in

; ' . 2,3 . S +3
crystalline ferrichrome A. Furthermore, the value of the Al ~ and
+3 o ) ' L. ' +3
Ga '~ coumplexes as functional conformational analogucs of the Fe pep—
tides has been supported recently by biological transport experiments

. o 12
with Ustilago sphacrogena.

In this paper the basic approach will be to consider transitions

from one analogue to another as specific perturbations which, by their

localized character, will help to interpret the fundsmental alumichrome

spectrun. Thus, we shall attempt to characterize the zlumichrome con-
formation by perturbing the molecule in a discrete fashion (stepwise

compositional changes) and obscrving an output signul (the PMR spectra).

I3

Our main concern will be with the diffcrences in the chemical shifts

j

i



Fig. 1
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between the analogues rather than their particular values. These latter
ha;e béen_discussed in Paper I13 for élumicﬁfome and thc'arguments can
bé extended readily to the other peptides.
Figurejl sumnmarizes the compositioh of the cbmpounds to be dis-
cussed here.
Egggrimentgl
| The ferricrocin sample was part.of a batch, the production, purifica-

?

tion and crystallization of which was described elsewhere. Ferrichrysin

was obtained~frpm low iron cultures of Aspergillus melleus (M2853) in a
nedium supplemented to 25 mM acetate and 12.5 Eg_ornithine.l3 The culture

>” and the final

was processcd in the same way as described for ferricrocin
powder crystallized twice from cold, anhjerUS ethanol with a net yield

of the ferric peptide of at least (first crop) 100 mg/l. Purity of the

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

n-butanbliacetic acid:water.l4 The PMR spectra df the iron-free and
éluminum chelated peptides confirms their purity (vide infra). The
iron"ftée compounds were frepared by extraction of the metal with a
40~fold wolar excess of 8—hydroxyqﬁinoline as for the case of ferri-

la
chromne.

:Ferrichrome A was a by-product of the Ustilago §therggena
ferment;tions.that provided ferriéhrome;la It was readily érystal—
1iged frcm_the crude, uncktrécted, concentrated cell growth medium as
the tritarbpxylic-aéid by adjustiné the pH to 2.5-3.0. It vas recrys-—
tallized twice from water with net yields of 450 mg/l. Iron was
extractgd from the twice re?rystallized:comﬁound by the KCN4N328204

method of Emery and Neilands.l5 It was found possible to crystallize

™
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the-K+ salt of the metal-free peptide by dissolving this préduct in
wa;m efhanol énd neutralizing it to "pH 7" (glass electrode readiny)
with alcoholic KOH.

Gallichromne, alumic;ocin, alumichrysin and alumichrome A were made
by reacting the free trihydroxamate peptides with the hjdroxides of the
respeptive trivalent ﬁetﬁls as previously-described for alumichrome.la
Alumichrbme A was readily crystallized from aqueous solution at pH

2.5-3.0: All the.other peptides, whether metal-free or coordinated,

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

then evaporated to relative dryness and dehydrated and stored over

PZOS under reduced pressure. By reference to alumichrome1a the PMR

“spectra showed that chelation was cowplete and that the samples were

pure (see the results).

The PMR'instrumentafiou aﬁd spectroscopic methods are the same as
described in Péper Ila for the studies on the ferrichrome .peptides. A
Vafian HRZZO spectrometer,‘which operates af 220 Milz, was used. Proton
spin—spin decoupling was achieved by double irradiation experiments by
éidebana modulation. The pfobe temperature was determined with ethylene
glycol. Spectra are referred to internal tetramethylsilane (TMS) or to

internal tert. butyl alcohol (TBA) when comparisons between amide NU

rcsonances_in-ll2

0 and in d6~dimethy15u1fox1de (d6~DMSO) were intended.

The aqueous sblutions were 5 Ey;d4—aCetic acid,. adjusted to pH 5.14 with

KOH. Water was quartz distilled. d,-DMSO (erck, Sharp & Dohme of

6

Canada, Ltd,) was certified.to be 99.5 atom Z D.



Fig. 2

Results

'The'PMRTspcctra'fOr‘dcferriferricrocin'and alumicrocin, deferri-
férrichysin and alumichrysin, and for alumichrvome A, in dG—DMSO at 45°C,
are shown in Figures 2, 3 and 4 respectively. The regions coupled by
proton spin-spin interactions are shown connected by arrows. The overall
spectra can be comprehended in a manner similar to that for the spectra

1. . . _ ; la . -
of deferriferrichrome and of alumichrome, taken under similar conditions.
These spectra may serve as guides for an approximate identification of

the resonances in the analogues. However, the substitution of glycyl

residues in ferrichrome by one and two seryl residues in ferricrocin and.

ferrichrysin, respectively, results in'a few new resonances. In alumi-

‘.

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

B-methyl glutaconyl group in the hydroxamic acid.

_The seryl C,OH resomnances occur at about 4 .85 to 5.15_ppm'from ™S ;

B

due to coupling to the pair of g-hydrogens these resonances are triplets

~ which appear relatively broadened in the metal-free peptides. This can

be attributed to hydrozen exchange between the seryl C,O0H and the free

B

hydroxamic NOH, exchaﬁge which is absent in the chelates and in defervi-

fervichrome (compare Figs. 2a and 3a with Figs. 2b and 3b). These resonances

‘are appreciably sharpencd ﬁpon reducing the temperature to about 20°C.

Identificaﬁion of amide NH resonances és belonging to glycyl or
either_ornithyl or seryl fes#dues is readily accomplished from their
nultiplet structure since the first appear as triplets and either of
the latter two as doublcts. For the A1+3 chelatcs it is possible to
distingqish.bctween,the scrjl and ornithyl rcsonaﬁccé on the bésis of
thﬁ sequénﬁiélzépin~épin_coubling éonngctions:’ NiL (doublet? = C&E
<> :C H «» C Ol for the ééryi and NH (doublet) <> C R <> CH <> C i1 for

p= £ v — _ o p— Y
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the ornithyl residues. For.thc metal-free peptides this could not be
aécomplished completely. ~The rather close ﬁroximity of the Caﬂ_resonances
establisted by spiﬁ—spiﬁ decoupling to amide NH doubleats made‘it Affi-~
.cult.to ascertain which of these is itself coupled to a seryl-assigned

C_H (established as seryl because of coupling to a GC,0H). The experi¥

B 8

mental difficulty is magnified due to the relative proximity of the

_ornithyl-and.seryl Cuﬂ.regiou to the seryl C,H resonances which made it -

B
cumbersome to ‘directly decouple these last two in the field scanning mode -
in which.thé_spectrometer operates. In the ca;e of deferriferrichrome
this prdblem did notvarise, at least for the assignment of the ormithyl
Cag‘s, since these are all.well resolved and the Cag_++ CB

appearvleSS'equivocal.la This resulted in a failure to distinguish

H connections

between seryl and ornithyl NH and Caﬁ_in deferriferricrocin and deferri-
ferrichrysin.

The broadening of the (seryl)  C,OH resonances was not a serious

8

problem in the_identification of the corresponding C_H resonances by

B

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

20°C the CBQE_resonance can be sharpened into a neater triplet whose

collapse by double irradiation could be detected readily. On raising

pO

the tempcrature back to 45°C we assume that, unlike the coupled C

the pésition of the seryl C,H did not shift appreciably.

g
Chemical chifts and Tesonance assignments are given in Tables I
‘and 1X. These assigmments were based on the positions of the amide NI
and (seryl) CSOE_resonauces and on the proton spin-spin coupling con-

nections established by homonuclear double resonance experiments. Resonances
. : D

assiguednto-amide'Nﬂ) hydroxamate Ndﬁ_and seryl C_,O0H were confirmed by the

8



Table I

Deferriferricrocin . ' : Alumicrocin
Glyl Gly2 Dl »D2 D3 D4 Glyl: Gly2 Ser Ornl Ornzk Orn3
NE | 8.44 8.27 £.02 7.98 7.81 7.82 8.94 6.85 8.50 '10.04 . 7.93  6.46
cH 3.883  3.75 4.21 4,02 4,18 3.57 3.79  3.74  3.99  4.16  4.74 4.21
CoH - ~ 3.83 (Ser) : | ©3.47  1.69 1.75  1.09
CH 1.67 (Orn)
| Cé;f L . 3.28 (Orn)
c,ci 5.02 (Ser) . : : 4.97
[SEEEEE . ’ ., .
CHy . - » 2,00 (Oxn) { e e 2.07 = = = - =
NOK o . 9.63 (Orn)

Chemical shifts, referred to TMS (ppm), of deferriferricrocin and alumicfocin in d, -DMSO, at

. 6
45°C and 220 MHz. Labeling of residues and their resonances follecws the convention given in the
text. DiA(i#l, «+.s4) denotes an amide doublet and its spin-spin coupled Cag proton. In deferri-

ferricrocin the similar chemical shifts of those Cuﬂfs coupled to amide NH doublets made the estab-

lishment of the corresponding C,H's ambiguous by double resonance experiments; hence their assignment

B

to elther ornithyl or seryl residues remains undetermined. Those resonances denoted by Ser or Orn
were 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, resonance for

3

. . . . . la .
alumicrocin is, as in the case of alumichrome, the average position of three closely spaced narrow

peaks.

~-0T-



Table IXI
Deferriferricrocin ’ Alumicrocin
G;yi  Gl"y2 Dl D2 D3 DA _ Gly1 Gly2 - Ser O?nl Or.n2 Orn3
H,0 n6.5 V5.6 n6.3 A4 | A5.2 3.7 5.3 6.9 9.0
| 0.6 £0.2  #0.5 _ 20.5 | 0.1 0.1 0.2 £0.2 0.1
DYSO 5.1 5.1 7.3 7.1 5.2 7.5 | 5.5 3.6 ~2.9 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  20.1

S§inéspin ééupling.constants (JNC)kin*Hz between amide NH and Cag_protons.for_deferriferri—
crocin and alumicrocin in water, at pH 5.14, and in d6—DMSO. Residues are labeled as In Table I.
Values are averages derived from determinations at different temperatures. The uncertainties are
thgirfstaﬁdard ceviations. Poorly resclved splittings are indicated by ~. Gly2 and Dl_amide NE's —
could not be resolved fqr deferyiferricrocin in water even at 220 MHz 50 their JNC are not repor;ed

(see Fig;_3a). In general, the amide resonances for deferriferricrocin In water appear quite -
broadened and the values for the spin—spiﬁ splittings are less accurate. The JNC value for the
alumicrocin seryl NE in water is also not repbrted because this rescnance is too broad. Di's'denote

amides that appear as doublets but whose assignment to seryl or ornithyl residues .is uncertain.

-
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Fig. 4
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,0 because of isotope

disappearance of these peaks upon‘dissolution in DZ

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

" ponding spin-spin coupled resonances.

. ' . . . la
As in the previous communication, we resort here to the convention

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

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

when ‘referring to the absolute peptide sequence.
Comparison of Figures 22 and 3a with 2b apd’Bb shows that profound

. : +
spectral changes are induced upon chelation of Al 3. The changes are

. . .. . ot g . la
qualitatively similar to those observed in the ferrichrome peptides
and, as in that case, are more extensive in the amide NH region.

The PMR spectrun of alumichrome A in d6~DMSO is shown in Figufe 4. -

The -resonances appear telatively broadened, particularly so in the amide

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

alumichrysin and alumichrome A have the same amino acid sequence, their
spectra'éhould be cbmpared (Figs. 3b and 4). ‘It is then evidént that

the seryl Csogwpeaks do not appear in the alumichrome A spectrum, rein-
forcing the suspicion of exchange broadening. The reason for the higher
rates of hydrogeﬁ e%change in this peptide should perhaps be soﬁght in
the cétalytic effcet of H+'introduced into the solution by the three

free carbdxylic acid group present in the B-methyl glutaconic acid acyl
groups. -Although’the.amiée Nﬂ_broadening did not allow a determination
of the'JNéysplittings for this geptide in d6—D¥SQ’ their chemical shifts
qould be deﬁermined wifﬁ sqfficient‘accqracy‘to permit useful comparisons

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

splittings wvere, however, easily resolved. Another consequence of the

B d



Table III:
Deferriferrichrysin vAlumichrysin

Gly | Dl ‘ D2 D3 DA» v D5 Gly Serl -Serz Ornl_ ‘ Ornz' Orn3
NH 8.35 8.14 7.79 7.76 7.66 7.53  8.93 | 8.07  7.28 10.03  8.00 . 6.33
CH [ 3.77 -4.11 4.03 4.06 4.17 4.14  3.83 | 4.02  4.06  4.23  4.72  4.11
C.H 3.81 (Ser)  3.79 (Ser) 3.56  3.29  1.66  1.79  1.08
Q#}- _ 1.57 (Orn)
C i 3.49 (Orn)
CLOH| 5.12 (Sex)  4.97 (ser) 5.07  5.21
s 1.99 (Orn) -— =207 - === =
NOH 9.45 (Orn)

..EI;..

e

0

Chemical shifts, referred to TMS (ppn), of deferriferrichrysin and alumichrysin in d6—DMSO, at
45°C and 220 Miz. Labéling of residues and their resénances follows the same convention as in Table
I. 1In ceferriferrichrysin Di denotes amide Ng_doubleté and ;heir épin—spin,coupled_cdg's which are
unassigned either to seryl or ornithyl residues. . Those resonances denoted by (Ser) and (Orn) were
unequivocally assigned by double resonance, by their chemical shifts, or both. 1In all cases,
resonances crdered under the same column are assigned to the same residue(s). The Cgs resonance fur

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

closely spaced narrow peaks.
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ahide broadening was that:homoﬁqclear double resonance experiments were
réther unreliable since the amide multipletjcollapse waé detcctcd:poorly,
tﬁus making it equivocal to establish direct resonance assignménts to-
the different protons in the molecule. This need not be a matter of
major concern as.phe alumichrysin spectrum should be a reliable guide
to the idcnﬁification of the rcsonances. ‘Additiondl resonances arising
from the B~methyl'glutaconyl'group‘were easily inferred from the known
chemical shifts of analogue compounds. Thus the peaks around 6 PPN,

amide NH

slightly to higher field with respect to the 6.33 ppm Orn3

resonance, were attributed to the three vinyl hydrogens. Also some
extra.rcsonances appéar in alumichrome A overlapping the broad ornithyl
Cﬁg_and‘CYE_bagd at @1.7 ppm; Thgse were attributed to the B~méthyl

- glutaconyl ethylene hydrogens. 7Two other perturbatory effects to be
expected from the different nature of the hydroxamate acyl groups are
also eviaént. One is the relatively enﬁanced resoiution of the three
.sharp methyl peaks shown by the alumichrome A spectrum, Ihis could per—
haps be rationalized by_nOting tﬁat becéuse of the rather extensive con-
jugation of_the f-methyl glutaconyl group, its backbone étructure should‘
be quite rigid. Hence the methyl groﬁps in alumichrome A may be restricted
“to relatively less symmetric enviromsents and more subtly ief]ect their

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

&
.resonances; since these g}oubsvare immediate neighbors of the hydroxyamate
NOﬂ_groﬁp...These peaks, although never diréqtly'assigned_because of
decoupling'difficulties in the alumipeptides, are known fro@.thc spectra
of ﬁhe metal-free analogues: to lie around 3.5 ppm. _Inaeed,'a comparison'
of the alumichrysiu and.thc alumichrome A épectra shows the resonances

in this fegion are séme&hat different.

v



Table IV

beferriferrich:ysin Alumichrysin
" Gly. D, 1_)2 D, D, D_s Gly Ser, Ser, Ornl . Orn, Orn3
CED | A58 6.5 nS.7 n6.9 5.3 4.5 [as.6 4.8 5.5 7.3 7.8
£0.3  0.1. #0.3 0.5 0.3 0.2 | 0.2 #0.1 20,1 #0.2  *0.2
DMSO | 4.7 7.5 n6.70 A6 8.2 5.9 | 5.5 2.1 3.7 6.9 8.5
| 0.2 #0.1 20.4 20.6 0.2 0.1 | *0.1 0.3  20.2  #0.2 - 0.1 0.1

Spin—spin coupling constants (JNC)'in Hz betweer. amide NH and Cag_prOtons for deferriferri-

chrysin and alumichrysin in water at pH 5.14 and'in d6—DMSO. Residues are labeled as in Table III.

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

-GT~

I~

T

7
am

their standard deviations. For alumichrysin'in water the JVC splitting for the Ser1 NH could not -

. ) . 2 IS . L

be resolved and is not reported. Di's denote amides that appear as doublets and that are of uncertain
assignment as to whether they belong to seryl or ornithyl residues. Poorly resolved splittings are

indicated by ~. Broadening 1s a relatively major source of uncertainty for the deferriferrichrysin

amide splittings in water.
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~In Figures 5 and 7 the amide NH resonances of deferriferricrocin
and deferriferrichrysin are shown in water (pH 5.14) and in d6—DMSO at

three different temperatures. The width of the overall amide region

~at 23.3°C is 0.64 ppm in DMSO.vs 0.37 ppm in water for deferriferricrocin

and 1.02 ppm in DMSO vs 0.732 ppm in water for deferriferrichrysin.

Thus for these peptides the same solvent effect found in deferriferri-

la o . . . .
chrome appears, i.e., a wider spread of the amide NH region in DMSO

than in water, suggesting once again a less random environment (or more

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

In this regard it is relevant to mention here that addition of DCCl3 to

deferriferrichrysin in DMSO results in an enhanced resolution of the amide

NH resonances with further increase_in-ﬁhe total spread of this region.
Thus at rdom-temperature a doublet shifté'to lJower fields 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 shown by‘FigUres S.and 7 and already found ih

. . la | : . : ’
the case of defervifervichrome is a more uniform . temperature dependence

-of the amide NH chemical shifts in water than in dé—DMSO. Furthermore,

while in water the widths of the resonances are affected by tempera-

ture (hydrogen exchange broadening), this is-not the case in d,-DMSO,

6

where tempeérature increase results in (wotional?) narrowing. As a

result, it was found possible to resolve satisfactorily overlapping

amide NH rcsonances in DMSO, but not in water, just by varying the
sample tempurature.
The tcemperature dependence of the amide NH chemical shifts, in -

both water and in dénDMSO,,for deferriferricrocin and alumicrocin, and
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for deferriferrichrysin and alumichrysin are shown in Figures 6 and

8, respectively. The lines are least squares fits of the experimental

. points and the slopes are indicdted in parentheses. As discussed for

deferriferrichrome and alumichromela the slopes of these linear plots
serve as useful indicators 6f the extent of protection (whether by

steric shielding, intramolecular hydrogen-bonding or both) of the‘parti~
culér amides within the peptide structure. The wider range in slopes
shown by the alumi- versus the deferripeptides sprorts this contention.
As Figure 5a shows for deferriferricrocin in vater, the complex band,
vhich at 23.3°C occurs at about 7.3 ppmn, does not allow conplete resolu-
tion of the threé overlapping resonances within any measurable temperature
inferval.v At most a singlé triplet appeared to shift out towards rela-
tively lower fields as the tempetature‘was increased, so that a remainihg_
triplet plus a doublet could not be tesolved. Hence, only the temperature
shift of the‘center of these last-two fesonanées, indicated by G2 + Dl’

is indicated in Figuré‘6a. In the case of deferriferrichrysin in dG—DMSO
(Fig. 8b), the set of péinfs for doublet 5 (DS) obviously does not satisfy
a linear plot over the entire tempera;ure range and the linear trend is

manifested at only lower temperatures. As for .the Orn, NI resonance in

3

the aluml-peptides, the positive sign of the initial slope for the deferri-

ferriéhrysin D, Ni chemical shift might imply that the predominant thermally

5
activated process is different for these amides than for the others.

While the amide:Ng_chemiqal shift temperature'dependence for alumi-

~crocin and for alumichrysin in water are shown in Figures 6c and 8c, the

complete spectra of these'peptides neither in this solvent nor in'DZO
are_presénted; aside from the relative shifts of the amide NH resonances

the rest of the spectra differed little from that in d6~DMSO. The 60 MHz
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J...'s is in each case reflected in the standard deviations and in most
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PMR spectra of defé?riferricrocin and deferriferrichrysin in DZO have

been published.7’14
. Proton.spin“spin coupling constants for amide Ngfcdg;interactions

(JNC) are given in Tébles I1 and IV for the free and chelated ferri—

crogin and ferrichrysin peptides in water and in d6—DMSO. As in.the : B

case of the ferrichrome‘peﬁtidés,la the values are averages of determi—

nations at differentAtemperatures within the rangé of the chemical shift

temperature dependenée studies, this treatment was again justified by

an appargqt independence of the JNC oﬁ tempefaiure wit@in the-experi—

mental ervors. As mentioned above; the exchanée broadening of the

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

of théif éplittings. Ih these cases and/or when the number of averaged

daté poiﬁts was iow, the uhceftéinties were found to be rather large

(e.g., deferriferricrocin in HZO’ Fig. Sa and T%ble IT). Only those

amide NH resonances whose multiplet stfucture could be resolved satis-

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

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

were rather poorly resolved. Thus, for Gly2 in alumicrocin the reported

JNC was estimated from the line shape. The small splitting of Ser at

site 2 was not resolved in water at pl 5.14, ﬁrobébly because of exchange

broadeniﬁg, and hence it is reportéd neither for alumicrocin nor for

alumichrysiﬁ in this solvgntf The degree of reliability of the reported .
NC

éasés thesevunccrtaintiés: were small enough to allow useful conformational

conclusions to be drawn.

In Figure 9 the temperature dependencé of the alumichrome A amide NH

chemical shifts is represcnted for comparison with the corresponding o
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alumichrysin plots (Fig. 8). The purpose is to estimate the effect on
the overall stabiiity of these peptides produced by a change in the
hydroxamate acyl substituent, as inferred from these linear plots.
The JNC values, averaged from these data in water at - pH 5.1 (in d6DMSQ
the amide NH resonances are too broad), are given in Table V.

Because the ionic radius of the diamagnetic Ga ion (ro = 0.62 A)

is closer to that of Fe+3v(ro = 0.64'2) than is that of Al+3

(x, =
0.53 R),'some of the PMR spectral properties of gallichrome were
examinad. . The cbmplete spectrum ongallichromé is not reported here;
it aid-not differ. appreciably from thét of alumichrome,la suggesting
that the conformation of the two chelates is very similar, in agreement
with the cell transport experiments by Emery.]'r2 Becaﬁ;é our anaiysis'
will be focused on the amide Nﬂ_resqnanceé as conformational probes for
the whole peptide in solution,'ﬁhe.amide'JNC splittings gnd the tempera-
ture dependence of the chémical'shifts for gallichrome in water are.
reported iﬁ Table VI and Figure 10, respectively.

Fig. 10 . ' ,

Discussion

In Paper»I,la it was shown that the chemical shift temperature
dependence plots for the dEférriferrichrome NH's exhibited a narrower

range of chemical shifts and of sldpes in H,0 than in DMSO. These

2

features, together with the corresponding J

NG data, suggested that intra-

molecular hydrogen bonding could be present in the less polar solvent.
The data were consistent with an antiparallel B-pleated sheet .structure
for the demetallopeptide in d6~DMSO, but not in water. For alumichrome,

however, the evidence pointed to a more rigid structure, which was little
affected by the solvent composition. Along these lines, i.e., pointing

. : » i -
towarde a:relatively wore f{lexible structure of the mctal-free peptides,

| .
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Table V

Alumichrome A

Gly Serl Ser2 Ornl Orn2 Orn3
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 between amide NH and
Cag_protons for alumichrome A in water, pH 5.14. Residues are labeled

conventionally in the order the NH resonances occur in scanning from

low to high field strength. The splitting for the Serl

NH rescnance
is not given because of lack of resolution. The tricarboxylic acid.
alumipeptide, dissolved in d6~DMSO, shows 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

Glyl Gly2 Gly3 .Ornl Orn2 Orn3
5.9 G .6 G2 5.6 7.6 8.8
10.1 0.1 0.2 0.2 #0.1 +0.1

Spin—spin coupling constants (JNC) in Hz between amide NI and
Caﬂ_protons for gallichrome in water, pH 5.14. The labeling of residues
follows the donvention given in the text and used for alumichrome in

la ‘ ' . e .
Paper T, Values are averages, and their standard deviations, derived
from determinations at different tewperatures. Poorly resolved splittings

are indicated By v,
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it is found that successive substitutions for Gly and Gly~ in ferri-
chrome by seryl 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 with the corres-

R s . la e s
ponding plots for deferriferrichrome reveals that these substitutiocns

s

ity
e

result in the amide Ngwresohahcéé of each demetallopeptide showing wider
ranges both in their chemical shifts and in the slopes of the linear
temperature dependence plots. These data are summarized below:

Slope Range Chem. Shift Range

(ppm/°K)xlO3 (ppm at 23°C)
water  d 5 ~DMSO water d-DNSO
deferriferrichrome 1.21 2.81 0.37 0.57
deferriferricrocin 1.94 4.0 0.37° 0.64
deferriferrichrysin 5.14 7.93 - 0.73 - 1.02

Although_the rather serious steric restriction imposed by the cyclic
nature of the peﬁtide is a major conformationai determinant, the com-
parative ¢yidencc between'the different analogues indicates clearly
that_minor differences in the composition,'ariéing from single residue
substitutioans, aléo generate cignificant pressures in establishing the
backbone conformation. .As was observed for defcrriferrichrome,la the
chemical éhiftband linear slope ranges for deferriferricrocin and
defgrriferrichrysin are widei'in d67DMSO than in water, suggestihg again
a more constant en?ironient for the amide hydrogeﬁs, or a moré rigid._con-
formatign for the backboné of the peptidesé in thg less polar solvent.
Water and DMSO are solveﬁts;which.amplify different ef fects; thé first,

solvation of the liydroxyl Side~chain, and the second, protection of the
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intramolecular hydrogen bonds. Since ranges in .the cﬁemical shifts and
in their temperature dependence are both nafrower for deferriferrichrome
tﬂan for the sgryl demetallopeptideé in either éolvent, it is suggested
that.the solvent cdnformational effects are larger in these latter pgp—
tides. -

The trend in the ranges tabulated above indicates the seryl—-for-
glycyl substitution at site 3 is the onc that results in the greatest
Confofmational'effccts. In Paper'Ila it was shown that the solution con-
formation of defriferrichrome was consistent with a Séhwyzer~£ype struc—
ture17 and that it is largely maintained in the éhelate.. If such a-
structure is accepted for the metal-free seryl peptides, the position
of Serz.would be such that its'side~chéin hydroxyl would be quite exposed
to the solvent. This would not be the cése, however, for'SeIB; whose
side~chain, lying below the pléne of the B=folded sheet, would find itself
¥elatively more shielded to intechtion with the solvent, as an inspection
of a CPK space filling model cléarly shows. The more hydrophilic seryl
side—chain will tend to offer maximum exposure of its hydroxyl group for
hydrqgcn bonéing to the solvent and in so doing will perturb the basic
déferriferfichfome backbone cohforﬁation. The conformational pressure
from the hydration energy of Ser at site 3 might hence be larger than
" at éite 2. | |

qugprgapipnal ipfc;énqgg based on the temperature depepdence_Plots
are -less evidentvfor the seryl deférfipeptides than for_deferfifcrrichrome.
This is'because:of their wider and motre continuous range in slopes, which
makes it less obvious to élqssify them neatly as more and less temperature

dependent. Steric hindrances due to bulk spatial interferences between
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the side-chains would be expected to result in different conformational
‘stabilities for ;hﬁse cyplohexapeptidés. With synthétic cyclic peptides,
'theré is evidence sungesting that the numbef of cis peptide bonds increases,
with concomiﬁant decreases in the cyélization yields, as a result of increased
sferic interference between side~éhains.1ga’b

In water, where the-température dependcnce of the different deferri~
ferrichrome anide Ni's iS‘quitc parallél,la the resonances labeled D4 in

deferriferricrocin and D4 and D, in deferriferrichrysin show temperature

dependences that are significantly weaker than any of the NH's in deferri-
ferrichrome. Steric and hydration energy conformational pressures could be
such that even in water some‘amidevhyd;ogens now become internal in a con-
formation different from that of deferriferrichrome. In dG—DMSO Dl and
D3 in deferriferricrocin (Fig:.Gb) and D2 and D3 in deférriferrichrysin

(Fig. 8b) show reduced temperatufe dependencies, while D5 in deferriferri-
chrysin is rather unique -among the demétallopebtides iﬁ thaﬁ it exhibits a
positive slope at lower temperafures (linéar‘region) and plateaus.as the
temperature is raised. As will be séen below, in good agreement wifh

the PMR and X-ray corrélations pre&iously reported‘for ferrichrome,la’the
coﬁparaﬁivc evidence between thé alumiwaﬁalogues proves that Orn3 corres—
ponds to'Ornl. Thus, as already conjectured fér the casc of alumichrome,
the evidence supports the:view-that a non hydrogén—bonded, stericaliy buried
amide.Ng cagvexhibit positivé slope iﬁ the chemical shift vs temperaﬁure

plot,. The positive slope shown in DMSO by the deferriferrichrysiﬁ D. amide NH

5
(Fig. 8b) hence reinforces the idea that the conforwmation arising from the
introduction of a sccond seryl at site 3 results in steric hindrance for

this amide hydrogen (cowpare with equivalent plot for deferriforricrocin,

Fig.. 6b).
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Since both seryl demetallopeptides show at lecast two amide NH
résonances with a decreased temperature»aependence in bMSO, it is pos-
sible tbat‘a Schwyzer conformation might be present in either of them.
However, in the case of deferriferricrocin the particular conformation
does not cbrrespond to that for deferriferrichrome in DMSO. ‘This would
;equire antipafallel pairing of the site 3 reéidue with Orn3 so that
in deferriférricrocin at least one of the glycyl NH's, a tfiplet, should
bg in a transannular H-~bond and hence manifest a reduced temperature
dependence. This was not observed. Once again this points to the con-
formational influence of the seryl-for-glycyl substitu;;on even in the
less polar solvent.
The Caﬂ_resonances also appear to be quite dependent upon confor-—
)
mation, as a comparison between the spectra of the defe;riferrichromes
.énd the alumichromes indicates. In the metal-free peptides, however,
éonformatiénal dependent environmental éffects on the chemical shifts
should be diminished since the bﬁerall peptide backbone conformation
would be more flexible relative to the alumi-chelates. It is interesting

to notice that, in d_,DMSO, Glyl Caﬂ'reso%ates at 3.74 ppm in deferriferri-

6
chrome,la Gly2 at 3.75 ppm in deferriferricrocin, and Gly at 3.77 ppm

in deferriferrichrysin (TablCS'I and TIX). Since the glycyl residue in

" deferrifervichrysin is nebessariiy at site 1, this correspondence implics
that these resonances be gssignable'to Glyl, as was proposed from inspection

H Ca}g is at 3.90 ppm in

3

deferriferrichrome while Gly1 Caﬂgis at 3.88 ppm in deferriferricrocin

of the NH‘temperaturevdependence.l?: Also, Gly

in agreement with the belio}athat Gly3 corresponds Lo Gly3. Because

of the uncertaintics in the assignment of the doublet NH resonances in

f

i
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the defefripeptides, no corrclation of this type is possible between
Glyzkin deferriferrichrome and the corresponding seryl r;sidue in deferri-
ferticfocin or deferriferrichrysin. Yurthermore, while the three ornithyl
Caﬁhresonances were neatly resolved as individual peaks.in the deferriferri-

‘chrqme sbectrum,la this is not the case for either seryl deferripeptide
whefe tﬁe Cag_resonanceé assigned to amide NH doublets by proton spin-
spin decoupling experiments are more clustered together (Figs. 2a and 3a
and Tables I and III). The bulky and‘hydrophilic character of the
ornithyl hydroxamate side-chain appéréntly causes thesé residues to
be sterically more sensitive to the seryl-for-glycyl substitutions.

Small rotations along thé peptide backbone bonds at the o;nithyl'sites,
in new conformations.érising from single residue substitutions, could
result in. changes in the extent of anisotropic shielding cf the Cag

.from neighbor peptidyl © bonds.

Constancyvof position of the aliphatic proﬁon resbnances of equiva-—
lent reéidues at corresponding sites is more noticeable in the alumi-
peptidés (compare TFigs. 25 and'3B; and Table T and 111, and the chemical
shift déta for alumichrome in Paper Ila). An outstanding example is
the Orn2 Caﬂ) which appears as an isolated band at’ 4.75 ppm in alumi-
chrome, 4.74 ppm in‘alumicrqcin and 4,72 ppmtin aluwichrysin, The
amide NH resonance for this same residue does not show such a constancy,
feficctiﬁg'it§ more subtlé sénsitivity to fhe environment, degree of
eiposure to the solvent and extent of hydrogenvbonding. FYor these
‘reasons, the amide NH- resonances prove to be excellent conférmational
probes hnd-mpgﬁ of tﬁe disCﬁssion that.folléws-will be cegpercd on them,
In parﬁiéular{ in the alunichrones the pattern of the amide N resonances

is surprisingly clear. Because of the uncquivocal assignment of the

}
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glyeyl and ornithyl amides in alumichroﬁe itselfl~unequivocal because
the first are triplets while the second are doublets——it is relatively
unambiguous to recognize in the scryl alumi-peptides, because of their

similar chemical shifts and J splittings, those amide NH resonances

NC _
corresponding to Orn S Orn2 and Orn3. Before discussing the alumichromes,
it is pertiﬁent to reexamine the interpretation given to the temperature
dependence of the amide Nﬁgchemical shift.

It can be thought that thermal aﬁtivation‘rcsults in breakage of
any structure in which the amide hydrogen participates: If it is hydrogen-
bonded it may Eraak the bond, and in so doing will make the particular
amide available for other interactibns which are‘themselves temperature
dependent. If itvisvburiedbwithin the peptide structure, H-bonded or not,
thermal'actiVation will tend to unfold tbé sccondary and tertiary struc-
tures so that the buried amide will become wore exposed to fhe solvent
and hence susceptible to H—bénding with the solvent. For an intra-
molecularly Hwﬂonded NH the activation energy of -unfolding might be
larger than the activation energy of H-bonding and.thus dowinate the
observed chemical shift vs temperature slope. The net temperature
depehdcnt equilibrium in the extent of intra- iﬁ_inter—molecular hydrogeﬁ
bonding will depend on the'ﬁydrogen—bond length, polarity of the solvent,
and the rclative polarizability of the donor and acceptor groups. Thus,

although because of its lower polarity DMSO as a solvent is better than

water in protecting internal H-bonds, NH hydrogen bonding to the solvent

will be stronger in DMSO than in water because the former is a better elec—

tron donor than is the Jatter. The analysis of this kind of plot is fur-

thex complicated because it canuot be assumed (vide infra) that the absolute
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strength of ah intramolecular hydrogen bond is solvent independent.
Thgse plots ére, however, extremely useful in detgrmining internal gg
extérnal (i.e., exposed to the solvent) amide NH's even if the cowplexity
of its governing parvameters makés it difficult to distinguish between

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

- be made, however, to clafify this aspect of the problem in the case of

the complexed peﬁtides. Thié is possible because the basic alumichrome
§0nformation‘is controlled by the cgordinatioﬁ~to the metal rather than
by sblvation éffects, and hence solvent-induced chemicai shifts of the
amide N§ résonaﬁces nay be‘interpreted solély on the basis of solvent
stabilization of the peptile dipole. The tempéfature dependencies will
be considered first,lthé'ébsolﬁte‘aésiénment of the resonances to-the

peptide seguence will thien be made, and, finally, the solvent-induced

shifts of the NH resonances will be rationalized in terms of the confor-

mational model.
Figures. 6c and 8c show that in water, pH 5.14, the amide NH rescnances

, in alumichrysin show larger

of Gly1 and Ser in alumicrocin and Gly and Serl

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

two pairs of amides exchange their hydrogen for deuterium much faster

than any other in the same peptides upon dilution in D20. This is similar

to the behavior of the Gly] and Cly2 anide NH's in alumichrome under simi-—
. la R o , .

lar conditicns, and is entirely consistent with a peptide backbone con-

formation where the amide hydrogens . of residues at sites 1 and 2 are

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

- alumichrome and alumicrocin in d6—DMSO the residues at sites 1 and 2 alsoc

show higher temperatuyre dependencies, such does not occur with alumichrysin

here, Gly still shows a higher slope but Ser. gives a reduced slope as if

1
1
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this amide had Become relatively moré protected in d6-DMSO. .Inspection
of a space {illing modél constructed on the:basis of the structure
dépicted in figure 12 suggésts contact interaction of the amide hydrogen
at site 2 with either its own or the site 3 (i.e., Ser3) seryl hydroxyl . .
oxygen. - Since thé effect is absént.in_alumicrocin, it appears likely
that in_solyenﬁ§ of low polarity the anide of.Seri (site 2) could be
hydrogen~bonded to the seryi hydroxyl of the residue side-chain at site 3
-only when sélvation effects on thesé hydrogen-bonding groups are fcduced,
i.e., iﬁ DMSO but not in water. There is an alternative possibility to

be considerecd, however, i.e., that the protection of the Ser, amide NH

_ 1
be -a conscquence of minor conformational differences between alumicrocin
and alumichrysin and/or between alumichrysin in water and in d6—DMSO,
which could result in improved steric shielding by the seryl sidewchainé
‘without intramolecular H-bonding. For those amide hydrogens which are
freely exposea and hence hydrogen-bonded to the solvent, the trénd to
higher élo?es in water relativé'to DMSO_éuggests wcaker hydrogen-bonding
in the former relaﬁive to thé latter solvent,.in égreement with their
‘differgn§ electron~donor abilities.
The remaining four amides show, in all the analogues, smaller tem—
perature dépeﬁdcncics as_judqu from the absolute values of the slopes.
They may be classified as "internal", wﬁether H-bonded or not. The Orn3 .
NIl was assigned primarilf to the buried amide hydrogen of Orn1 which, in.
the steric model (Fig. 12) is nét hydrogcu—bonded.la The thermally
activatedlﬁnfolding of the peptide should result in exposure §f this
.amidc for hydrogen-bonding to the solvent, hence in an increased deshielding

in agreement with its positive slope in all the analogues (Figs. 6¢,d;
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Sc,dj 9a,b; 10; and Paper Ila); The reduced slope in DMSO relative to
water‘might be a manifestation of a tightcristructufe in the less polar
sélvent beéause of feduced ionic dissociation of the complex. Thus the
amide NH of the residues at sites 1 or 2-(free1y exéoscd, intermolecularly
Hwbonded,zgig;, large negative slopes) and Orn% (deeply buried, not
hydrogen*bohded, i.e., émall positive slope) exemplify'two extremes;'

. ) 3
Intermediate cases are the Orn

2 the Gly oxr Ser at site 3, and Orn

1

Orn2 is assigned to Orn3 paired to the site 3 .residue in a type of B—-fold

' : : , 1 L ,
structure. Asg discussed prev:.ously,‘-a these two amides are conformationally
quite equivalent. The temperature dependence of the. amide chemical shifts

tends to Suggest a more protected location for the site 3 NH than for

3

9 NH within the molecule, as the positive slope for the Orn

resonance Judicates. By contrast,; hydrogen-deuterium exchange experiments

8,19

0, show that the Orn, NI exchanges wmore slowly than does the

. X \

2 2

residue at site 3, suggesting that the former is more stable with regérdsv
to interaction with the solvent than is the latter. The enhanced kinetic
ZINE_againSt hydrogen exchange might be attributable

to a stronger transannular hydrogen bond relative to ﬁhe residue at site
3. Finally, the reduced temperature dependeﬁce of the Ornl NH resonance

(attributed to Ornz) can be rationalized according té the conformapional
model ithigures 1 and 12, which shows this amide is attached to its own
side»chéinvin'a relativel§ sﬁorﬁ H-bond,

Figurgs %a and b reveal similar plots for the anide Nﬁfs of alumi-

chrome A, Comparison with the cquivalent blots for alumicﬁrysiu (Figs.
8c,ané d) shows that the ov#rall pattern of these plots is very similﬁr

for both "mmlog;uos. Like alumichrys«in, alumichrome A also shows the



~30+

.dréstig change in.the_Serl Nﬂ_slope when goipg from water to DMSO.
Although a direct COmparison of the temperature dependgnce plots for
alumichrysin and alumichrome A in DMSO might be risky,.given the acidic
character of the solution of the latter peptide, tﬁe-smailér differences
in slope of fhe corrgsponding-émides-in'both compounds indicate minor
conformatibnal stability differcunces. These can be attributed to dif-
fefent 6rnithyl;side—chain abylatipg groups “in the two compounds. The
larger absolute values of the alumichrome A sIopes.rclative to alumi-
chrysin sUggeSt the B-methyl glutaconate-containing pep&ide to be con-
formationdlly less stable than the acetyl analogue. These differences,
which are not apparént from the'pattern of the amide NH resonance region
of the spectra, are highly magnified in the hydrogen-deuterium exchange
behaviof, which is iﬁ complete agreement with this view'.g"-l9

Similar compaiisons can be established between gallichrome and
alumichrome, whose amide Ngntemperature dependence plots for their
aqueous golutions are given in Figuré 10 and in Paper I.la Thus, while

Glyl, Gly2 and an show similar slopes, those amides that are closer

2

to the metal, namely, Orn2

1 are those that are more

Glyg anderné;

affected. 7This might be a reflection of a different conformational
stability and/or degree of exposure around the coordination center

resulting from the different ionic radii and binding affinity for the

two metal ions. This interpretation is again confirmed by the hydrogen-

deuterium exchange behavior in D

20, wvhich clearly shows that the slowly

. cr e . . : L . 8,19
exchanging amides exchange faster in gallichrome than in alumichrome, ’

Previously the assignemnt of the PMR resonances was based on the

; e 1: : . .
assumption of the validity of the X-ray model. ' This was Justified since

1



3 SN IRV R R I
- -31~

the PﬁR data for alumichrome in solution showved excellent agreement with
sﬁch.a model. Throughout the previous discﬁssion that model was tacitly
aééumed_to'be adequate for all the aﬁalogqus'alumichfomes.- It would be
desirable, however, to assign the different resonances to the.primaty
structure of the peptides on the sole basis of the PMR evidence so that
the X-ray model could be tested indeperdently.

"Anfattempt wiil be presented here to reach a definite assignment
of amidevNE’rcsonances from the comparative evidence provided by_the
different analogues and perturbations arising froﬁ the'solvent and metal
substitution. The requisite information is contained diagrammatically in
Figure 11,bwhgre‘the chemical shifts are all referred to the methyl pgak

in TBA and for spectra recorded at 56.5°C. For the sake of unity in the

exposition some of the data already discussed will be reexamined briefly

and the information that is useful for the comparative analysis will be

stressed.

‘The amide'NB.region of gallichfome in water (Fig. 1la) allows one to
distinguish ornithyl from glycyl resonances sincé the first are doublets
and the second triplets. Barring éomplications, inter— or intra-molecular
hydrogen-bonded amides will expericncé positive increments (i.e., to

. . . , . . : . . la
lower field) in their chemical shifts. However, and as discussed earlier,

other factors way cause the amide NH resonances to exhibit shifts of either

sign, depending on their barticular environment. Thus the inference of
a conformation on the basis of a single spectrum is unfeasible.
' +3 +3 ' o
Upon. substitution of Ga = by Al 7 (compare a and b in Fig. 11) Glyl
(1653.5 Hz), Clyz (1580.7 Hg) and Oru7 (1506.5 Hz) are little affected,

while the other three NH resonances appear to suffer a more significant
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perturbation. We interpret this to mean that Ornl, Gly3 and Orn3 experience
a more prohounced envirqnﬁental'cﬁange induced by the metal substitution
than do the other threevrcsidues;‘hence they may be spatialiy located
élosef to -the metal ion. ‘This was also épparent-from analysis of the
temperature dependence of tﬁé Nﬁ_cheﬁical shifts tsee above). | - ' .

On substitution of Glyz-in alumichrome by Ser2 in alumicrocin the
spectra show that the triplet at 1674.5.Hz disappears and is replacad
by'a doublet at 1611 Hz (compare ¢ and d in Fig. 11). This enables the
assignment of these peaks to the residues at site 2. A further subs;i—.
'tution of the glycyi residue at site 3 in alumicrocin by a seryl in
alumichrysin eliminates the triplet at 1259.3 Hz and results in the
appearance'df a doublet at 1356 Hz (coumpare d and é, Fig. 11). Thus
thgse resonances afé assigned to thé.residue at site 3. Siunce there is
only one glycyl residue in alumichrysin, the aséignmcnt of any NH triplet
in this peptide is unambiguous. The triplet at 1706 Hz is then assignable
to the glycyl at3site 1, inﬁafiant in all the analogues.b All the non-
ornithyl émide Nl resonances and those spin-spin COupled'td them are thus
unequivoﬁally assignéd.

Inspection of the X-ray model of ferrichrome Al(Figs. 1 and 12)
indicates that seryl-for-glycyl substitutions at sites 2 and/or 3 should
lgave'the Orn2 amide NB_rgéOnapce relatively unpeftugbed, since fhis residﬁe
is both sandwiched between thé unsubstituted Ornl and Orn3, and also o
hydrogen-bonded fo its own side-chain. Any perturbation originating at
sites.2 or 3 is thus buffercd,'insuringva rathcr invariant environment
for this proton which sﬁoulé'result in constancy of its chemicai shift on

going from alumichrome to alumicrocin and to alumichrysin. Indeed, as
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can be seen in Figuré 1le, 11d and 1lle, there is only one ornithyl amide
Ng_whose:(doublet) resonance shows anvin§ariant>position in the fhree
aﬁalogues,.namely, the doublet for Ornl. Hence this peak can be assigned
to anzl This assignment is confirmed by comparing the spectra of alumi-
chrysin‘and alumichrome A.. As shovm in Figure 11 e and f, the Ornl NH
resonance is mostvaffected by the substitution of the ornithyl side-chain
acyl group. The amide,hydfogen best situated to sense this particular
perturbation éhould be the one that is hydrogep~50nded to the hydroxamate
group, namely,'Orn2 (Figs. 1 and 12). Furthermore, and as discussed above,
the Ornl NH resonance is found sensitive to the meial substitution (Fig.
ll.a. and b) as would be expected for an amide hydrogen=bonded to the |
metélbcoordination.center in-a stable.fashion; according to the X-ray
data this is a short H-bond: 2.80 R,

The éubétiﬁution of the glycyl fesidue at site 2 in the transition

from alumichrome- to alumicrocin also permits assignment of the Orn, NH

2
resdnance-td Orn3. As is shown in Figures 1 and 12, and even better in

space filling models, the particular location of the Orn3 amide hYdrogeu,
lying immediately adjacent td the 7 electron cloud of the peptide bond
between the aﬁino of.élyl and the carboxyl of the residue at site 2, shqdld
make its chemical shift rélativély sensitive to the substitution at sitc 2.
_Furthermbfé, the entire éleéfron cloud of ﬁhe péeptide bond between residﬁes
at éites 2 and 3 will be éeﬁsitive to the residue substitution at éither

site ox both. According to the X-ray mbdelv(Fig. 1) Orn3 is transanuularly
hydrogen-bonded to the carbdnyl of the residue at site 3, and hence it should
sense ﬁhe substitution at site 2 and reflcctvit in a resonance shift. As

can be seen fu Yigure 11 (compare c.and d) of the three oruvithyl resonances,
Orn2 is the most.affcctéd by the éubstirution.

1

'
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Siﬁilarly, it may be argued that the'sgryl*for~glycyl_Substitution.at
site-B should also affect the local susceptibility felt by the Orng amidé
h;drogen'since this substitution now directly affects the carbonyl at
site 3 to vhich this amide is hydrogen-bonded. This is consistent with

the observed shift of the Orn, NH resonance on going from alumicrocin to

2
alumichxyshl(d and e in Fig. 11). However, this substitution also affects

the chemical shift of the Orn,

3 NH resonance. Since the Orn, and Orn,

v _ 1 2
6rnithyl doublets have élready been assigned, by elimination, the Orn3 NH
resonanée‘can,be'aésignea'to 6rn1. As shown in the steric model (Fig. 12),
this particular amide hydrogen lies bgried within the pouch formed by the
three coordinatgd ornithyl Side—chéins andbthé peptide backbone plane.
Henée éubstitution of thé giycyl at site 3 in alumicrocin by seryl in
alumichrysin is operationally equivalent to a substitution of a single
‘a;hydrogén by the bulkier seryl-éide~chain, which results in further
covering the-Ornl amide hydrogen. . Such increése'in_the $teriq shielding
Sﬁouid reéult in a shift of its resonance to higﬂer fields; which is
observed .in Figure 11 d and e.

It should also be notéd in comparing the spectra of all the alumi-
peptides in DMSO, that the Glyi-Ng‘resonénce shifts 16 Hz towards lower
fieids in the transition from alumichrome to alumicrocin, and this can
bé attributed tc‘a di;ect'éérturbétibn of its local susceptibility by
therseryl;for—g1y¢y1 subSiitﬁtion at site 2: it is hence a nearest
neighbor effect. 1In the progression alumicrocin - alumichrysin -
alumichrome A the position of the Glyi NgltesonanCG remains practically
‘unaffected; Sincc'the compcsitionél replacements afe rather remote from

site 1, this lack of ecffect is entirely consistent with a proton‘at this
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site that is fully exposed .and does not interact with distant pérts of
fhc molecule, |

Another,effect of intergst is the shiff of theASer2 amide Nﬂ
resonance from 1611 Hz to 1522.5 Hz on going from alumicrocih to alumi-—
chrysiﬁ in DMSO. The shift is concdmitant with a rather drastic change
in the temperature depcndence>of its chemical shift from a slope of
-5.23 % 10—3 ppm/deg in alumicrocin (Fig. 6d) to -2.69 x 10—3lppm in
élumicﬁrysin'(Fig.;Sd). When discussing the relativelx reduced tempera-
ture dependence in DMSO i; was argued that in this sql?ent the overall
peptide gonformation could be sﬁch that the Se.r2 Ng_bedame.either buried
between or-hydfcgenubOnded with the seryl hydroxyl side-chains or both.
Since on going from alumicrocin to alumichrysin the shift of the Seri NH
gesonancé is towards higher ficlds, it is suggested that steric shielding
-réther than intramolecular hydrogen bonding is the cause of its hindrance
to interaction with the solveﬁt in DMSO.

Although the seryl-for-glycyl substitutioﬂ should be expéctéd to
affect the chemical shift of the Orng amide‘Nﬂ;resonance, its direction
is diffiquit to predict since the steric modifications brought about by
the substitutions could reéult in miuor'displaéements of.this hydrogen
atom such that its net anisotropic electronic shielding would be affected.

With this reservation, it can be stated, howevér, that the shift towards

lower fields observed for Lhé'Orng

alumichrome to alumicrocin and then to alumichrysin is consistent with a

amide NH resorance on going from

strengthening of the transannular hydrogen bond. It should be noted that

. the bulkier seryl side-chains by thewsclves should result in increased
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steric shieldling and hence in’shifts towards higher fields, which are not
.obéerved; A similar effect seems to Qperate Qn the amnide Nﬂ_of the resi-
du; at site 3. The amide NH ‘of the glycyl residue ocgupying this site in
alumichrome ébpears little affected by the Substitutibn at,site 2 in going
from alumichrome to alumicrocin (Fig. 11 ¢ and d). However, on going
from alumicrocin to alumichrysin.the NH resonance of Serg appéears shifted
to lower fiCIas with respect to‘Glyg in alumicrocin and Glyg in alumi-
chrome (Fig. 11 ' d and e). The effect of the sgryl~for—glyqy1 substitution
at site 2,.alumichrome -> alumicrpcin, is to shift the Nﬂ_resonance at
this site to higher fields; ‘this probably reflects additional steric
shielding Byf&he'bulkier seryl side-chains. By contrast,.in going from
aluﬁicrociﬁ to alumichrysin the shift of the amide NI resonance of the
residue at site 3 is tbwafds Jower fields. We interpret tﬁis as a
sffengthening of_thevRés3NH...o=C;Orn3 transannglar hydfogenvbond. The
relative rates of hydrogen—déuterium exchange in D?_Os’.19 suggest an
increased.stability iﬁ the poptide conformation as the number of seryl
vresidﬁes increascs, which further éuppérts this interpfetation;

Soivenf effects on péptidyl bonds and on amide hydrogen—-bonding
are cleafly evident.in the amide NH spectral region Qf the alumichromes.
These pcpfides’are especially well suited to study -such effects since
the backbqne conformation is severely constrained by chelation of thé
metal and the solvent, RE&.ES; seems to have oﬁly minor conformational

effects,

,0 and hence is a stronger

DMSO is a better electron donor than'Hz

hydrogen-bonding solvent for:oxposed Ni's. On the other hand, water,

although a weaker electron--donor, is a better electron acceptor than
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DMSO to H~-bond to any free, exposed carbeonyl oxygen atom. This inter-

action between water and a peptidyl C=0 will stabilize the net negative

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

-

0
—&—$H+ dipole. Such local charge transfer can be readily detected by

its effect on the Orn%

amide NH chemical shift (Fig. 11 b and.c). As
the gonforMationél model shows (Fig., 12) this hydrogen atom is bﬁried
within a hydrophdbié-envirdnmcnt and does not undergo appreciable'direct
interaction with.thebsolvent. It is, however, part of a peptide bond
with the‘Orn2>residue whose C=0 dxygen atom ishdirecfly exposed to the
solvent. - The negative.cﬁarge on tﬁis carbonyl oxygen is more stabilized
in water tﬁén'in DMSO so that the net electron.density on the NH proton

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

shows, there is a shift of 19 Hz for the alumichrone Orné

NH resonance
in a direction that suggests increased diamagnetic shielding in going
from water to DMSQO, infagreement with the expected solvation effect.
An example of the opposite type of effect, i.e., solvation.of ﬁhe NH
'withbut affectihg the C=0, . is provided by the NI of the residue at

site 2. This anide is directly exposed to the solvent for alumichrome
and alumiﬁrocin in either solvent and for alumichrysin and alumichrome
A in qu, whiie.its.peptidyl—bonded carbonyl ngighbor (na@ely, thaﬁ.of
residue at site 3, see Fig. 12) is internal and involved in a trans-—
annular H—bond; Hence any splvent"induced chemical shift should pri-
marily be due to solvation (B-bonding) .of the site 3 NH itself, effects
>throughAthe C=0 being sterically impaired. According to the expected
solvent effect, a shift towgrds 1owcr‘fields should result from stronger
H~bonding'%n the tran;itiun from watoer ﬁo DMSO:  indeed, Fig. 11 shows
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that such a solvent change shifts the alumichroﬁe Glyg‘Ng_resonance by
&56 Hz towards lower fields\A Furthcrmore,,fhe alumichrome Glyi NH
gfoup ié aléo exposed to thé éolvent but peptidyl4b6nded to a fully
exposed C=0 (Gly2)~group (Fig. 12). As Figure 11 shows, the water to
DMSO transifion éhifts'this Glyi-resonancc by 41 Hz, i.e., it undergoes
the s;meAkind of solvation effect that the Glyg NH exhibits but to a
lesser eitént. The.SS Hz difference bepwéen»the solvent-induced chemical
shifts on the Gly1 and the Gly2 Ni resonances may ihus be attributed to
the Glyz’C=O soivation which affects more significautly'the Gly2~Glyl than
the Gly3~Gl};2 pepfide bonds. .That is, iﬁ the  transition from.gatér to
DMSO the'nét.deéhielding gained by the Glyi Ng;shouid be less than that
gaihéd by ‘the G1y§ Ng_becéuse'of:the'extra déshiéldihg lost by the former
due_to the greétef C=0_ charge stabilizationvin vater relative to DﬂSO.
Further insight into the effect of C=0 solvation oﬂﬂgntramolecular H-bonds
can be gained by bbserving the effgct of solvent éﬁange on those two
amides which are interha1, pointing invards from the riﬁg, and presumably
involyed in an antiparallel B*pleated sheet. As shownvin‘Figure 12,
the sife 3 and Orn3 NH's are peptidyl bonded, respeﬁtively, to the Orn1
: and'Glyl_C:O's whiﬁh are external; The Glyg and Orug NI show ~38 Hz
shift invthé'transition froﬁ vater to DMSO, shift which is in a direction

suggésting furthervshielding in IMSO than in water. The Orn1 NY

3
resonance, as previously discussed, shows a similar effect but only

half as extensive as for those N protons involved in the B~structure pair.
This could be a manifestation of some cxtra deshielding of the Gly] and

3 . . ) ' .
Ornl amide NH's resulting from a strengthening of the transannular H-bonds

when the peptidyl dipoles are stabilized in water. On the other hand,
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the:chcmical shift difference bctw;%n the alumichrome Glyi and Giyg NH
resonances in Watgerw73 Hz) suggests that the NH charge stabilization
due to C=0 sélﬁaﬁion is stronger fhan that due to the intramolecular

3 . - . .
o, NH. The samc comparison in DMSO shows a

C=O_H~bonding to the Orn2

chemical shift difference of &18 Hz indeed suggesting that the intra-
molecular H~bond is not strong, as would have been prediéted from the
2.99‘2 H-bond distance found in crystalline ferrichrome A.3 The aﬁalysis
is completed, by cbﬁsidcring the alumichrome Orni Nﬁlresqnance, which
exemplifieé a_case'of solvent~independeﬁt chemical shift (Fig. 11.b and c¢).. As
thé model shows (Figs. 1 and 12), this pafticﬁlar NH is involved in an
intramolecular H-bond to its own'side—éhain-hydrozamatc NO . Since it
isjpeptidyl~bonded to an internal C=0 (that of Orn3), neither the NH

nor the C=0 should sense solvent ferturbations; hence its chemical shift
should not bLe affectéd significantly by the transition from water to
DMSO, as is observed.

The seleétion of alumichrcme\oﬁ which to base the discussion of -
solvent-induced NH chemical shifts was founded on the absence, in this
peptide; of any seryl residge which might complicate the analysis because
of‘side-chain.Solvafion effects. Qualitatively, similar effects are revealed
by the seryl alumipeptides as well as by gallichrome. The gain:in con~
fbrmatibnal stability in the aluﬁipeptides upon successive seryl-for-glycyl
sﬁbstitp;ious has already‘begn discussed. It has been noted (¥ig. 11) that
on going from alunichrome - alumicrocin - alumichrysin in DMSO, negligible

. ' . 2 ; ' - 3
shifts occur in the Orni NH resonance although the transannular Orn

-
1 ) NH

docs show a resonance shift from 1471.5 Hz - 1493 Hz - 1511.5 Hz.in agrec-

nent with the interpretation of H-boud strengthening.. In water, however,
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where the solvent stabilizing effect is more noticeable because of

sproﬁger‘seryl side—chain solvation, tﬁe shiff of the Orng NH resonance

is found ﬁo be more. pronounced: from 1509;2 Iz - 1534 Hz -» 1597 Hz.

Indeéd,.in wéter, even the Orni Nﬂishows a chemical shift in going from - .; _
onc analogue to the other (1953.5 Hz -+ 1962.7 Hz ~ 1597 Hz);-which is

also in a dircction that suggests a stronger H-bonding. Consistent with
this,freﬁd, a shift of 60ﬁ8 Hz toward lower fields is found forx thé site 3
seryl’ M on going from alumicrocin to alumichrysin in water. In summary:

the amide N§_chemica1 shifts of fhe different ferrichfome aﬁalogues in

' also o

aqueous solution/indicate strengthening of intramolecular H-bonds ‘upon

succéssivé seryl—-for-glycyl substitution and allows pfediction of the
overall trend in the relétive peptide conformational stability shown
by the amidé H-D exchange étudies and discussed elsewhere.g’l9

The comparative analysis presgnted above on the amide chemical shifts

has made‘possible not only the achiévement of a direct assignment of the
resonanéés;'based cxcld§ive1y on PMR data, but also has rendered it
possiﬁle to reach a finer rationalization of the relative chemical shifts

of the amide NIl resonances resulting from different perturbations. The
perturbations considered have been:.'(l) metal substitutipn (gallichrome
vs alumichrome in water), (2) solvent composition (alumichrome in water
vs alumichrome in DMSO), (3) amino acid substitutions (alumichrome Vs -
alumicrocin Xg_aluﬁichrysin in.DMSO), and (4) hydroxamatie substitution
(alumicﬁrysin Xg‘alumichrcme A). It could be questioned that since the
chemical_shifté of the amide NH resonances are temperature dependent,

the analysis presented on the basis of spectroscopic data at 56.5°C might

collapse at other temperatures, thus invalidating the conclusions. A
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response to this possible objection is that the slopc of the corresponding
resonances are different but sufficiently close to rendér the above analysis
valid at any temperature within the range étudied. As can be seen ffom

the convergence trend which all the amide NH resonances exhibit in the
metal-free and in the chelated peptides, increasing the temperature results
in further randomization of the conformation. Hence a comparative analysis
at the.lowest-possible temperatﬁre would have probably been more significant
and certainly desirable. .Howe&er, the témpergture (56.5°C) at which the
spectra in Figure 11 were recorded was selectedlnqt only because it is at
about middle range between the'extreﬁes at which the temperature dependence
studies were performed, but also because at this temperature line resolu-—
tion is abouf optimal, both in terms of line width and line overlap in

either'solyént; In summary,vtha temperature will affect the magnitude

of the relative chemical shifts for the resonances diagrammed in Figure 11,

bu# the gomparative trends shown in the analysis abpve are, for our pur-—
poses, temperatﬁre'independent;

We have establisﬁed the assignment of the resonances to the absolute
amiho acid sequence in the alumipeptides, and demonstrated its cousistency
with the Xfray model on the basis of the gross hydrogen exchangé behaviox
of the‘amidesband‘the temperaturce dependence of their chemical shifts.
It‘is no& of interést to calculate the ¢ dihedral angleés for all the

. : . la . -
analoguecs, ag was done in‘Paper 177 for alumichrome, from the measured

splittings for each NI doublet. For alumichrome, the correcspondence

between the X-ray and the PMR data was sufficiently close that it allowed

a correct predictien of the ornithyl resonance assignments. The analogues

exanined here introduce one and two seryl residucs in alumicrocin and in
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alumichrysin"respecﬁively and thus provide two new doublets to which
Bystrov's'formulazo can be_appliéd; The ¢ éihed:al angles, calculated
from awide NI resonance doublet'splittings.measurqd in water and in DMSO
(Tables 1II, IV, V, VI, and data in Papervlla) are shown in Table VII.

Given thé rather lafge uncertainties inherent in the formula, the dif-
ferences between the.calculated angles for corresponding residues in the
analogues night be more significant than the absolute‘valucs of the angles.

These differences reflect both solvent effects and inherent minor confor-

mational differences among the analogues. Small conformational differences

.betwaen gallichrome and'élﬁﬁichrome and between alumichrysin and alumi-
chrome A are indicated in Table VII(a) for adueous solutions of these
pepfides. More significant, although ﬁtill small, are the differences
anong alumichrome; 2lumicrocin and.alumichrysin, as suggested by the
Orn2 and Orn3 NH—CGH boﬁd rotations. It is also interesting to note

here the constancy of the Orn, ¢ angle which is also.a reflection of

1
the invariant conformation of this residue (see above). By contrast,
Lhe'rotatiqn of the Orng NH—CGH b9nd'on going from alumichrome to alumi-
crocin and from alumicrocin.to alumichrysin might once agaiu be a mani-
festation of minor rotations induced by different side—chain solvation

effects. Tn DMSO (Table VII(b)), the trend rcpeats: the variations in

¢ are larger forx Ornz and Orné than for Orni. It is intercsting to sce

' . 3 N2 - '
that ¢ for both Ser2 znd Orna.appears to be sensitive to the solvent
change, another expression’  of the marked conformational effect of

. 3 . . : '
solvation on the Ser2 side-chain. The ¢ angles reported by Zalkin ct 31.3
for crystalline ferrichrome A .'(H?O)A are included in Table:

VIY.(c).  The agreewmcut between the X-ray and the PMR valucs is excellent
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Table VII
Serl Sgrz Orgl~ Orn2 Orn3

6) @7 @D (2 (222)

a) HZOJ
Gallichrome | 105 30 80
Alumichrome ' 105 30 83
Alumicrocin unres B 107 24 79
Alumichrysin unres 10 105 | 27 89
Alumichrome A unres 10 107 27 91
b) DMSO
Alumichrome 10 28 82
Alunicrocin 124 -106 26 76
© Alumichrysin - 130 3 105 24 83
c) X-ray
Ferrichrome A 123 17 103 35 76
_Ser2 ' Ser3 an2 Orn3 Ornl

. The ¢ dihedral angle between the ﬂquan the NCaﬂ.planes. Values
in a) and b) are calculated from the amide NH - cdg doublet spin-spin
splitfings (JNC) in water and in deuterodimethylsulfoxide, respectively,
and on the basis of the semi—émpiridal5re1ationsbip of Bystrov gﬁugl;zo
Numbers in parentheses, below the PMR 1dbeling of the residucs at the
top of the table, are uﬁcertaintics arising from Bystrov's expression

rather than from experimental errors in the J determinations. . In ¢)

NC
the ¢ angles with their corresponding amides for crystallihe ferri—

chrome A arve the values reported by Zalkin gg_gl;? on the basis of X-ray
stﬁdics. The labeling of the particular residues acco;ding to an arbitary
PR classification (subindices) and the absolute sequence (sﬁperindicos)

follows the convention given in the text.

1
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for Ser% and Orni, good to fair (depending on the particular peptide)
for Orng and Orné'and relatively poor for Serg. The correlation between

the X-ray and the PMR data thus appears to deteriorate as the value of
$ decreases. This insinuates a variable accuracy of Bystrov's formula to
rclate JNC and ¢ over the entire range of values. In fact, the alumi-

chromes provide an excellent set of J values to adjust the parameters

NC
appearing in the semi-empirical formula on the basis of the X-ray angles.
We have such work in progress.

In view of the extent of agreement between the X-ray and PMR 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 included. 7This paradox might be
explained by assuming that Bystrov's equation is insensitive to such
minor conformational distinctions because of the uncertainty in the coef~
ficients. However, solvation effects on the seryl side-chains, absent in
alumichrome and maximuw in alumichrysin and aluwichrome A, could be crucial

determinants of conformation. The poorer correspondence between the

X-ray and PMR ¢ angle for Serg mentioned abbve, might thus reflect the latter

ceffect. It is hence implied that the crystallographic model might better

apply to alumichrome than to the secryl anélogues'in solution because of the

relative abscnce in that peptide of solvation pressures on its backbone.

The PMR data for the alumichromes is thus entirely cousistent with

N

the X—ray model., The solvation effects that perturb this conf{ormation
are rather smzll and involve rotations of the bonds along the peptide.-

ackbone. Such minor conformational differences would affect the distances
back e Suct r { t 1 differe 1d affect the distance

between the site 3 and Ornz amide NE and carbonyl groups and hence modify

the relative strength of the paired transannular hydrogen bonds. This would

1
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slightly refine the X-ray model and suggest the possibility of a modified
f~fold structure for the netallo-peptide backbone, as shoun in the model -
(Fig. 12).

However, is the X-ray model the one most consistent with the PMR
data? Or,:in other words, to what extent is the mapping between the
measured parameters of the alumipeptidés’ PMR spectra and that conforma—
tion unique?” Gibbons, Némethy, Stern and Craig have recently reviewed
critically the general problem of counformational analysis of peptides in

e 21, .
solution on the basis of PMR data. As in the Russian school (see, e.g.,
220 _
the PMR conformational analysis for enniatin B, ) these authors have
enphasized the value of a set of ¢ angles, determined from a Karplus-Bystrov
type relationghip, for evaluation of the energetically accessible regions
of the ¢~y conformational map. The problem is then directed towards a com-
putational scarch for the minimal conformational energies consistent with
the set of derived ¢ angles. It is curious that for the case of gramicidin
P . . 23 . . .

S5, energy minimization calculations = have shown that when the iterative
calculation is started from a Hodgkin-Oughton-Schwyzer model (for which

242,b

the PMR evidence is excellent ) the resulting structure has an energy

lover than for any other structure previously cowmputed. Similarly, the

: - : _ _ B 0e
conformational analysis of cyclohexapeptides by Ramakrishnan and Sarathy™~
shows relatively good agreement between the crystalline ferrichrome A
structure and the minimum energy (Schwyzer—type) conformation derived
undar»the constraints of twofold symmetry with intramolecular hydrogen
bonds. Since the latter calculation did not restrict itself ecither to a

fixed set of ¢ angles or to the steric requirement of (optically active)

nctal coordination by the ornithyl side~chains, these results apain
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indicate that the X-ray médel sllghtly perturbed in each case by the
partlcular prlmary ‘structure of each,analogue, is most llkely the only
one compatible with Lhe varlcty of PMR data reported here fox the aluml—
chromes in'Solution.v It should bevstrCSSed, however,‘that'it is the com-
parative ?MR evidencg-provided'by.the different~an;10gues that.has #1lowea
us to njﬁstify: suéh_a modei with absolute indepéndeﬁtevfrom-fhé X-ray |
‘ data except, of coﬁrse, as a most useful ﬁoiking hypbthesis.

Thé above disgussion has‘been based on the view that the observed'
PMR spectra corraspond‘to tﬁe fundamental, ground stété; and statisﬁically

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 pfovides_no’majdr clues regarding the extent of the confor-
mational étability.  This aspect of the problen, namely, the dynamics of
the conformation of the ferrichromes, has been approached through study

8,19 and from

of the kinetics of the amide NH hydrogen-deuterium exchahge
) measurements of the relaxation rates of the nuclear resonances now in

progress.

v
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EIGURE‘LEGENDS

.Figure.l..'Structure.of tﬁe‘ferrichrbmes'inéestigated~in this paper.

fﬁe numbefs in circles:label the_éites.and the §¥§5acyl—6-§;hydroxy—é; ‘
ornithyl feéidﬁeé coﬁsistent‘&ith the convention uséd by Zalkin et al.

for crystaliine ferrighrome A'(H20)4”3 R2 and R3 represent.side—chains

of those glycyl oxr seryl reéidues at sites 2 and 3 respectively, site 1
being dqcﬁpied by a glyéyl residue (Rl=H). R represénts the acyi gfoup

in thevhydroxyamate moiety‘(acgtié aéid br trans-g-methyl-glutaconic acid)
‘and M febresenté-the dctahedraily cqordimated tfivalent metal ion, H—Bonds
fdund-iﬁ'crysfaliine férrichﬁomé A are'éhown heré by;dashed.lines. The

compositioha1'differences among the ferrichrome analogues studied here

aré{ .
: 'R2 R3 S R M+3'

gallichrone S w o m . iy Ga”

T . : : o ' +3
alumichrome =~ H . H CH, Al
. - : ' +3

alumicrocin v _CHZOH_ H _ CH3 Al

alunichrysin .  CHOH ~ CHOH ciy a3

2lumichrome A o CHZOH CH20H ' L3

o o . B "CH,CO0H
All these peptides contain the common tetrapeptide sequence H NGlyl—

2
3 2.1 o .o
 Orn™~0rn"-0rn"-COOH bridging between sites 2 and 3.

FigureVZ. The 220 MHz PMR spectra of (a) deferriferricrocin and (b)
aluicrocin at 45°C dissolved in d6—DMSO. The peak marked "solvent'

arises from the residual H ih d,.-DMSO, and that marked H,0 results

2

from water residual after low pressure dessication over P205{ In (a)

6
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the resonance at lowest field arises from the NOH protoms of the three
Gﬁgracetyl—6~§fhjdroxy—gfornithyl residues; the group centered at 8.0
ppm is the amide NH protons of the six residues. In.(b).the NQggresonances
have disappeared as these-protoné»are replaced by the metal and ﬁhe NH
resonances-extend'frém 10;t9'6.4 ppm. Thé'peéks connected by light -

. arrovs aré-coupled’by proton—préton spin-spin interactions and were
determined by doﬁblé resoﬁénce. In (é) and kb) the resoﬁance at %Slppm
arises frdm»the serjl hydroxyl proton. In (a), due to exchange, this

peak is:broadened; as is the‘hydroxamic NOH. Those peaks.arising froﬁ
exchangeable protons sharpen.upbn reducing the_temperét;re to.¢20°bﬁ the

triplet hature‘of”the seryl C,OH resonance then becomes clearly apparent.

B

The spectra are rcferfed-to;internal TMS.

figure 3. The 220 MHz PMR spectra of (a) deferriferrichrysin aﬁd (b)
aluﬁicbrysin ét’45°C dissol&ed in d,-DMSO. The peak ﬁarkedv"solvent".
arises from the rééidual H in d6—DMSO and that marked HZQ results.from
water residual after lowiéressﬁré degsiéatién over P205. in (a) the
resonance at lowest field arises from the NOH protons of thevfhrée
: Gfﬁfacctyl—djgfhydroxy—éjérnithyl resid@es;'thg-grouﬁ centered at
8.0 ppm is the amide Ng_ptétons of the six ﬁesiduesf In (b) the NOK
.reSonaﬁces héve'disappearedHQS'tﬁese-p;otons are-replacéd by the,metél
ahdvthg Nﬁ}resonances extena-from 10 fo 6.3_p§m. The pééks coﬁnected
by light arrows are coupled ﬁy proton-proton spinespin'intcréctions and
vwereAdetermiﬁed by.double résohancé.. In (a):and1(b) the resonances af
&S;O and &S;ISVppm-arise ffom the two scryl.hydroxyl'protons. Ih'(g),v
dﬁe to“ekchangé, these peaﬁé are 5roadencd; és is the hydroxamic NOH
peak. The peaks‘broadEned by exchange sharpen upon reducing thé.tem‘:

perature to ~20°C; the triplet nature of the seryl Cﬁoﬂ_rcsonances

" then.becomes clecarly apparcent. The spectra are referred to intérnal TMS;'
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Figure 4. The 220 MHz.PﬁR‘spéctrum of.alumichrome A (trirarboxylic .

acid) at 45°C dissolved in d -DMSO. Ihé.peak marked "solvént"’arises

6
from the residual H ih'dé DMSO. Due to the identical primary seduence
between alumichrome A and alumichrysin, thezassignménté‘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

B .
thé alﬁmiéhrome.A spectrum bécaqse of exchange broadening, (2) a set of
peaks are‘presenﬁ in the alumichrome A'spéctrqm at "6 ppm whiéh d§ not
appear.in the alumichrysiﬁ spectruﬁ, these being assighable to the. |
three vinyl protonS'of the E§§g§fﬁ~methylglutaconic acid group, (3) the
Cég_reéonances, which occur at %3.5'ppm,,ah& are seﬁsitive to the dif—
ferent hydréxamate»grOupé:in-both peptidés, andAté) a neater resolution
of the methyi-groups, &2 ppﬁ, in alumichrome A relative to alumichrysin.

The spectrum is referred to internal TMS.

Figure 5. The amide.Ng'PMR region of deferriferricrocin in water, pH
5.14, and in d6—DMSO is shown in (a) and (b)'respetively. Dotted lines
indicate temperature shifts of characteristié resonances. In DMSO the

peaks are further separated than in H,0, where the cluster of one doublet

2
and two triplets at lower fields allows only partial resolution of a
triplet at intermediate temperatures; leaving the other two unresolved

over the whole temperature range. The spectra are referred to internal

TBA.

Figure 6. The temperature dependence of the chemical shifts of the

- awide NH protons of deferriferricrocin and of alumicrocin in water at

[
|
it
|
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pH 5.14 and in DMSO. G, S and 0 aenote glycyl, seryl and ornithyl.
a@ide'protons respectively, and the subindex:refers to the oxder in
which-they reSonéte in scanning from low to high fields. In deferri-
ferricrocin, D denotes an anide Nﬂ;doubletvassigned neither to seryl nor
to ornithyl residues. The numbers in parenthesés are 103 times the lepeb
of the corresponding lines expxpressed in thé graph units, i.e., =5.24 =
-5.24 x lO-—3 ppm/°C. The chemical shifts in'bofh sol#ents were
measured with respect fo internal TBA. In aquboué solution of deferri-
ferricrqcin Gly2 and the first douﬁlet (Dl) were neverifesolved and
the line laﬁeled G2v+ bl refers to the center of'the complex band

(see Fig. 5).

Figure 7. The amide NH PMR regicn of deferriférrithysin in water,
pH 5.14, and in d6—DMSO is shown in (a) and (b) respectively. Dotted
lines indicate temperéture shifts of characteristic resonances. Even

O than in DMSO, the different

though the peaks are less separated in H2

temperature dependence of the resonances and certain spectral details
permit the peak drifts to be'followed unequivocally even in that sol~

vent. The spectra are referred to internal TBA.

vFigure 8. The temperature dependence of the chemical shifts of ﬁhe
amide NH protons of defer;iféfrichrysin and of alumichrysin in water
at pH 5.14 and in DMSO. G, S and O denote glycyl, seryl and ornithyl
anide protons, respectively; and thevsubinde# refers to the order in

which they resonate in scanning from low to high fields. In deferri-

ferricﬁrysin D denotes an amide NH doublet assigned neither to seryl
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nor to ornithyl yesidues. .Tﬁe numbers in parentheses are 103 times
thé slope of the corresponding lines expresséd in the graph units,
i;é:J ~8.09 = --8.09 :’cflO“3 ppm/°C. The chemical shifts in both solveats

were measured with respect to internal TBA,

. Figure 9. The temperature dependence of the chemical shifts of the

amide Ng_prbtons of alumichrome A in water at pH 5.14, and in d6—DMSO.
G, S and O denote glycyl, seryl and ornithyl amide protons respectively,

and the subindex refers to the order in which they resonate in scanning

from low to'high fields., The numbers in parentheses are 103 times the

slope of the corresponding lines expressed in the graph units, i.e.,
-2.14 = =2.14 x 10~3'ppm/°C. The chemical shifts in both solvents were

measured with respect to internal TBA.

Figure 10, The témperatufe_dependence of the chemical shifts of the
amide NH protons of gallichrome in water at pH 5.14. O and G denote

ornithyl and glycyl amide protons respectively, and the subindex refers

to the order in which they resonate in scanniﬁg from low to high fields.

The number in.parentheses)are 103 times the slope of the corresponding
lines expressed in the graph ﬁhits, i.e., -2.13 = ~2;13 X 10--3 ppm/°C.

The chemical shifts were measured with respect to internal TBA.

‘

Figure 1l1. Diagramatic represcntation of the amide NH resonance region
of the ferrichrome analogues under various conditions. - The spectra.

were all'obtained at 56.5°C and referred to internal TBA. Each spectrum

is labeled at the Jeft according to the cempound and solvent. Triplets

!
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arise from glycyl NH protons aund doublets derive from either seryl or
orﬁithyl amides. It is possiblé to-distipguish the setfl from the
orﬁithyl fesonanceé by comparing the épectra of'algmicrocin vs alumi-
chrome, and of alumichryéin vs alumicrocin, since a singie seryl—for—‘
glycyl suBsﬁitutiou'occurs between'éaéh pair. Thus in alumicrocin the
doublet whiéh occurs at 1611 Hz correspoﬁds to its single seryl residue.
This resonance shifts to 1522.5 Hz in alumicrysin (the correspondence
~ being ascertained by fheir similar‘doublet Séli@tings), while a second
seryl-for-glycyl substitution (aiumicrocin +‘alumichrysin) results in
the doublet at 1356 Hz which is hence assigned.to a seryl residue in

both alumichrysin and alumichrome A.

Figure 12." The solution.conformation of thé ferrichromes. Bonds along
the péptide backﬁoue are drawn with heavier lines. H atoms are not

shown with the exception of the four amide hydrogeng that ﬁénifest
reduced intefaction with the solvent; of these, the one belonging to

Ornl is bﬁried'betﬁecn the peptide backbone‘ring aﬁd'the chelated side-
chains and the other three are intramolecularly H-bonded. The proposed
H—bonds'afc: ;) between the'aMide proton of Orn3 énd the carbonyl oxygen
of Res3 (residuc at site 3); 2) between the amide pfotdn of RééB and the
. carbonyl oxygen of 0rn3, and 3) betwecen the amide proton of Orn2 aﬁd the
.6-N-hydroxyl oxygen atom on the same residue. The first aﬁd'third were

_ predicted from X-ray data and the second révealed by this work. A dis- -
tinction is made between wore (~—-) and less (-+:) stable H-bonds. For

-all.the ferrichromes studied, the residue at site l:is élwaYs.gIYCine

1. . 2 : ! :
(R™ = 1), while R? and R3 may be U or CH20H (glycyl or seryl).
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R dcnotes methyl for all the peptides cxceptifqr_ferrichromc A vhere it
represents the Eggggfsfmetﬁyl glutacpnyl>group (sge legend to Fig. 1).
The conformation depiéted here is basic for all thé alumicﬁromes and for
gallichrome; however, for each.cbmpoumd minox solvént~dependent pecturba-
tions arise which are apparent both in tﬁe PMR spectral parameters and

in the amide H-D exchange kinetics. Hence fhé relativé strength of the
intramolecular H—bohds, as well as the degree of amide hydrogen Stcric

shielding, varies among the different analogues and from solvent to solvent.
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LEGAL NOTICE

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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