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Incorporation of an artificial amino acid 2 with a stilbene chromophore into peptidomimetics 
with three to nine amino acids yields phototriggerable candidates for inhibition of the binding 
between the R1 and R2 subunits of the M. tuberculosis ribonucleotide reductase (RNR). 
Interstrand hydrogen bond probability was used as a guideline for predicting conformational 
preferences of the photoisomers. Binding of these inhibitors has been rationalized by docking 
studies with the R1 unit. Significant differences in binding of the photoisomers were observed. 
For the shorter peptidomimetics, stronger binding of the Z isomer might indicate hydrophobic 
interactions between the stilbene chromophore and the binding site. 
 

 

 

 

 

Introduction 

Modulation of molecular functionality via reversible 
photochemical reactions constitutes an attractive opportunity to 
extend the properties of chemical compounds. For example, a 
compound lacking physiological activity might be administered 
to an organism, then activated at a location and time of choice 
by photoirradiation. Peptides and proteins, given their rich 
diversity of functionality in a physiological context, are 
particularly enthralling candidates for this concept.

1
 Nature has  

 

 
developed examples such as the photoswitchable green 
fluorescent (GFP) and related proteins.

2
 While the majority of 

photoswitchable peptides and proteins is based on the 
azobenzene chromophore,

1,3
 we have previously introduced the 

less frequently utilized stilbene chromophore as a viable 
alternative.

4
 For example, it was possible to photomodulate the 

activity of an artificial hydrolase by replacing a four amino acid 
segment of its 42 amino acid sequence by a stilbene 
derivative.

4c
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Figure 1: Heptapeptide 1 (Glu-Asp-Asp-Asp-Trp-Asp-Phe) derived from the C-terminal of the R2 subunit of M. tuberculosis RNR. 

 
 Photoregulation of proteins typically involves incorporation 
of suitable chromophores into their backbone, or cross-linking 
of sidechains. In the present study, we investigate another 
alternative, i.e., to target the assembly of enzyme subdomains. 
Our target, ribonucleotide reductase (RNR), is an essential 
enzyme for the synthesis of DNA, catalyzing the reduction of 
ribonucleotides to their corresponding deoxyribonucleotides.

5
 

The tetrameric enzyme is composed of two large subunits, R1, 
and two smaller subunits, R2. The R1 unit contains the binding 
site for substrates, while the R2 unit is involved in catalysis 
with its intrinsic tyrosine radical. Catalysis takes place via the 
interplay between the different subunits, by an electron transfer 
between the radical in R2 and the active site in R1. Inhibition of 
RNR is relevant not only for the development of new anticancer 
and antiviral agents, but also for the development of new 
antitubercular agents.

6
 There are several approaches to inhibit 

RNR, and one of them is to target the interaction between the 
R1 and R2 subunits. Previous studies have shown that peptide 
sequences derived from the C-terminal end of the R2 subunit 
(Figure 1) can compete for the R2 binding site in R1, and thus 
inhibit the activity of RNR.

7 
In particular, the peptide sequence 

Ac-Glu-Asp-Asp-Asp-Trp-Asp-Phe-OH (Ac-1) has shown high 
potency towards the inhibition of RNR. An interesting 
observation was that an N-terminal Fmoc-residue appeared to 
increase the affinity for the R2 binding site.

 7a
 We thus found it 

tempting to test whether a photomodulation of this protein-
protein interaction might be possible.

8
 

 

Results and Discussion 

In an initial attempt to regulate the inhibitory potency of Ac-1 
by external stimulus, we attached stilbene derivative 2 to the N-
terminal of this peptide (Scheme 1). By isomerizing the E to the  
 

300 nm

 

Scheme 1: Z-E isomerization of the artificial stilbene amino acid 2. 

 
Z isomer of the stilbene, we expect a change of the 
conformation of the peptide and thereby a change of affinity to 
the R2 binding site. Thus, the stilbene chromophore would 
constitute a phototrigger. In addition, a set of constructs with 
the phototriggerable unit 2 integrated into more drug-like 

analogues of Ac-1, have been designed and evaluated in silico, 
and subsequently synthesized. These are represented by 
peptidomimetics 6 – 8 (vide infra), which have been subjected 
to binding studies.  
 
Design of heptapeptide analogues 
To test the validity of our initial assumption that the stilbene 
moiety, structurally similar to Fmoc, might have an impact on 
the binding properties of peptidic inhibitors for the R1 subunit, 
a small set of linear peptides 3 – 5 based on the C-terminal 
heptapeptide of the R2 subunit was synthesized. In these, the 
artificial amino acid 2 incorporating a meta substituted stilbene 
moiety with a flexible CH2CH2-linker was attached to the N-
terminal of the heptapeptide (Figure 2). 
 

3

4

5

 
Figure 2: Phototriggerable peptidomimetic analogues of the C-terminal of 
heptapeptide R2. 

 Polar interactions are important for the binding of peptidic 
inhibitors to the R2 binding site.

7a
 In compound 3 the charged 

2-aminoethyl substituent can be expected to form ionic 
interactions with any of the six negatively charged carboxylate 
groups in the peptidomimetic. We anticipated that these ion-ion 
interactions should be more readily formed in the Z isomer as 
compared to the E isomer. If this is true, the E isomer should be 
more potent since the conformation of the heptapeptide should 
be less perturbed. In peptidomimetic 4 the N-terminal amino 
group has been acetylated and only H-bonds can be formed 
instead of the strong ionic interactions, and the difference in 
activity between the Z and E isomer should therefore be less 
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pronounced. Finally in peptidomimetic 5 the bulky N-acetylated Trp amino acid has been attached to the linker 

16 17 18 2

9 10 11 12

viii ix x

13

v

14

vi

15

12

vii

i ii iii iv

Scheme 2 Synthesis route of the phototriggerable amino acid 2. i) malonic acid, pyridine, piperidine, 100 °C, 1.5 h, 66 %; ii) MeOH, HCl (conc.), microwave, 130 °C, 
50 min, 100 %; iii)Ni(OAc)2, NaBH4, MeOH, EtOAc, H2 (1 bar), r.t., 2 h, 100 %; iv) NaOH, EtOH, 78 °C, 2 h, 99 % v) NaN3,Bu4NBr, ZnBr2, Boc2O, THF, 40 °C, 48 
h, 24 %; vi) Bu3SnCH=CH2, Pd(PPh3)2Cl2, LiCl, Et3N, DMF,microwave, 130 °C, 25 min, 79 %; vii) Pd(OAc)2, (o-CH3C6H4)3P, Et3N, DMF, microwave, 120 °C, 30 
min, 31 %; viii) TFA (50 % in DCM), 15 min (not isolated); ix) Fmoc-Cl, dioxane, Na2CO3 (10 % in H2O), 24 h (not isolated); x) DCM, HCl (conc.), 120 °C, 17 h, 34 
%. 

 

giving a more sterically crowded peptidomimetic in the Z 
conformer as compared to the E isomer, which might result in a 
more pronounced difference between photoisomers. 

Synthesis of stilbene amino acid 2 

Compared to our previously reported synthesis of 2,4a we have 
modified the scheme to one requiring a single as well as less 
expensive starting material for both terminals of the stilbene 
moiety. This avoids the use of 3-bromophenethylamine as 
starting material. Instead, the substantially less expensive 
3-bromobenzaldehyde 9 (approx. 1/50 the cost) is used. The 
latter is first converted into bromoaryl ester 12 that constitutes 
the carboxyl terminal of the stilbene derivative. Half of this is 
converted into a BOC-protected bromoaryl amine 14 using a 
Curtius rearrangement. The synthesis of BOC-protected amines 
from carboxylic acids has previously been reported by Lebel 
and Leogane, using sodium azide and BOC2O.

9
 An alternative, 

i.e., using DPPA in t-BuOH was also tested,
10

 but had inferior 
performance. A further change compared to the previous 
synthesis was to do the Stille coupling to produce 15 on the 
BOC-protected amine (14), rather than on the unprotected 
amine. This has some advantages compared to the original 
synthesis route. Using Pd(PPh3)2Cl2, it appeared that the 
unprotected amine would bind to the catalyst. Also, the 
protected amine, as opposed to the free amine, can easily be 
purified by flash chromatography.  

 

 

Synthesis of peptidomimetics 

Preparation of the E-isomers of compound 3 – 5 followed 
standard SPPS protocols.4b The corresponding Z-isomers were 
obtained by subsequent photoisomerization through irradiation 
with UV-light at 300 nm. It should be noted that, according to 
our observations, the often cited potential dihydrophenanthrene 
formation during stilbene photoisomerization is not a problem, 
at least not if only a single isomerization as opposed to several 
cycles is required. 
 

Binding studies Method A 

The analysis is based on displacement of the the N-terminally dansylated 

RNR-R2 C-terminal heptapeptide Glu-Asp-Asp-Asp-Trp-Asp-Phe.
7i

 This 
probe gave, when bound to R1, a significant fluorescence polarization signal. 

A quality value Z of 0.8 was calculated
11

 and is well above the significance 
limit of 0.5. Displacement of the probe with inhibitor compounds reduces the 
fluorescence polarization (FP) factor to background level. The degree of 
polarization was plotted against the log of the inhibitor concentration. For 
each compound the value for 50% displacement of the fluorescent peptide 
(DC50) was calculated from the plot and used for ranking of the compounds. 
Results for peptide Ac-1 and the three peptidomimetics 3 – 5 are presented in  

Table 1. 
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Table 1: Inhibitory potency of phototriggerable heptapeptide derivatives 3 – 
5. 

a Relative inhibition is presented as DC50 (1) / DC50 (x). b(DC50(Z)-
DC50(E))/DC50(E)·100 %. 

 
Interestingly, all six peptidomimetics were more potent than 
Ac-1. Whereas the E isomer, as expected, was the most potent 
for 4 and 5, compound 3 showed no significant difference 
between the photoisomers. A possible explanation might be the 
overpowering effect of the ionic interaction as compared to the 
conformational effect from  

the rather flexible stilbene moiety. Furthermore, it appears that 
the stilbene motif itself contributes to the binding interaction, 
irrespective of its configuration.  
 

Design of shorter analogues 

Having established the inhibitory potency of stilbene 
incorporating peptidomimetics as well as some discrimination 
between their Z and E isomers, it was next considered 
advantageous to devise a peptidomimetic analogue of the 
known R2 C-terminus with fewer amino acids, since it would 
be more drug-like as well as more accessible to computational 
analysis.

12 
To design shorter peptides, it was first necessary to 

determine which residues were most essential for binding to the 
target R2 binding site. This might be revealed by examining the 
interaction site between the RNR subunits. By probing the 
available space in the binding pocket, the optimal position of 
the stilbene chromophore might also be indicated, with the 
option to replace some other amino acids. 
 

 

 
Figure 3: Top left: Positioning of the R2 C-terminal heptapeptide (stick structure) in the R1-R2 interaction site, with atom types indicated by colouring scheme 
(white/green: carbon, blue: nitrogen, red: oxygen), surface of the R1 subunit shown in white. Top right: Temperature factors (red: least certain position – blue: most 
certain position) of the R1-R2 interaction site with docked heptapeptide. Bottom: Amino acid residues coloured by type (blue: positive, red: negative, white: 
hydrophobic, pink: aromatic, yellow polar). 

 
The crystal structure of RNR (2BQ1) has the R2 C-terminal 
located in a small pocket of the R1 subunit (shown in Figure 3 
to the left). Due to its low resolution (not better than 4.0 Å), 
reliable quantitative data can not be determined. Thus, the 
structural investigation has to remain qualitative.

13
 However, 

the temperature factors at the interaction site between the 
subunits (shown in Figure 3 to the right) indicate a somewhat 
better resolution than for the whole enzyme.

14
 

The R1 binding pocket is lined with positively charged residues 
(Figure 3, bottom), whereas the inside the pocket is more 
hydrophobic. The R2 C-terminal contains several negative 
residues (Arg and Glu), which seem to be too distant from the 
positive residues in R1 for ion bond formation. Regardless, 
these charges might contribute to the R1-R2 subunit binding, 
while other residues provide specificity. The most well resolved 
R2 component in the interaction site, a tryptophan residue, is in 

Peptide 
Inhibition 
DC50 (µM) 

Relative 
inhibitiona 

Inhibition increase upon 
photosisomerizationb 

Ac-1 8 1  

E-3 0.35 23  

Z-3 0.36 22 3 % 

E-4 0.11 73  

Z-4 0.29 28 163 % 

E-5 0.09 94  

Z-5 0.12 67 33 % 
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close contact with an aromatic region of R1. Therefore, it 
constitutes a potentially important residue for specific binding. 
Indeed, according to a study of an inhibitory heptapeptide 
(Figure 1) by Nurbo in 2007,

6d
 tryptophan and phenylalanine 

were identified as the most important residues for enzyme 
inhibition. The removal of either one caused loss of inhibitory 
effect. Furthermore, subsequent removal of negatively charged 
heptapeptide residues resulted in gradual decrease of its 
inhibitory effect. While the function of the C-terminal 
phenylalanine is uncertain due to poor structural resolution, 
potential interactions might be inferred from the presence of 
several aromatic side chains in its vicinity, as well as an 
arginine that might be involved in a π-cation interaction. 

 

Asp Trp Phe

1 2 3 4

5 6

4 - 7 Å 2.5 Å  

Figure 4: Six conceivable modifications of the inhibitory heptapeptide - 
introducing the stilbene chromophore on either terminus (1 & 4), between 
residues (2 & 3), or replacing an aromatic residue with the phototrigger (5 & 6). 
Asp, Trp and Phe are retained to provide sufficient binding. Distances between 
the residues in native R2 are indicated. 

 
In summary, phenylalanine and tryptophan appear to be most 
important for inhibition. Combining these with a few negatively 
charged residues, e.g. aspartate, might increase the inhibitory 
effect. With these premises, six different types of 
peptidomimetics, with varying stilbene phototrigger position, 
were designed  (Figure 4): 1) trigger at the N-terminal, 2) 
trigger between the Asp and Trp residues, 3) trigger between 
Trp and Phe residues, 4) C-terminal trigger, 5) trigger replacing 
the Trp, or 6) replacing Phe with the trigger. The possible 
peptidomimetics in these groups, with at most four amino acids, 
are shown in Table 2. For practical reasons, peptidomimetics 
with four residues were at the upper limit of the capability of 
the conformational search methods used. 
 In the Trp-Asp-Phe part of the heptapeptide docked to the 
R2 binding site (Figure 3), the distance between the carbonyl 
carbon and the -nitrogen of Asp is 2.5 Å. Since the 
corresponding distance in the Z-stilbene phototrigger is 5.0 Å, 
inserting the trigger between Trp and Phe (alternative 3) is 
probably not reasonable. A C-terminal trigger (alternatives 4 
and 6) differs considerably from the compounds already tested 
with inhibitory effect (3 – 5), and was therefore considered less 
interesting. The remaining alternatives 1, 2 and 5 result in 
peptidomimetics with the trigger being part of a peptidomimetic 
containing one to four natural amino acids. These 

peptidomimetics and also two members of group 6 were 
evaluated computationally by conformational analysis. 
 
Table  2:  Peptidomimetics  designed  according  to  Figure  4.  ‘+’:  tested  with 
conformational search. ‘x‘:  deemed too large for conformational search. 

 
Group Peptidomimetic N-capping 

  Ac Fmoc 
1 Trigger-Asp-Trp-Asp-Phe + x 

2 Trigger-Trp-Asp-Phe + + 
 Asp-Trigger-Trp-Asp-Phe + x 

3 Trp-Trigger-Phe   
 Asp-Trp-Trigger-Phe   

4 Trp-Asp-Phe-Trigger   
 Asp-Trp-Asp-Phe-Trigger  x 

5 Trigger-Asp-Phe + + 
 Asp-Trigger-Asp-Phe +  
 Trigger-Phe + + 
 Asp-Trigger-Phe +  

6 Trp-Asp-Trigger   
 Asp-Trp-Asp-Trigger   
 Trp-Trigger +  
 Asp-Trp-Trigger +  

 

Conformational search 

A model compound (Ac-Trigger-Glu-NMe, Figure 5) was used 
to evaluate a selection of different methods (Monte Carlo 
molecular mechanics (MCMM), LMOD and mixed mode), in 
order to assess which would be most suitable to use for the 
conformational search of the peptidomimetics (see 
Supplemental for details). It was concluded that MCMM would 
be the most time effective method for providing a reasonably 
good representation of the conformational space for qualitative 
evaluation. 

 

 
Figure 5: E and Z isomers of model compound Ac-Trigger-Glu-NMe, used for 
comparison of conformational search methods. 

 
 To assess whether the conformations of the 
peptidomimetics are markedly different in the Z and E 
configurations, the following approach was chosen. For 
molecules with a “folded” geometry (cf. Z configuration), a 
hydrogen bond between the C-terminal and N-terminal chains 
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is formed in most cases. Conversely, such a hydrogen bond 
cannot form in the E isomer. This intramolecular hydrogen 
bond was therefore used as an indicator of the overall molecular 
geometry. According to the computations, the probability of 
hydrogen bonding in the model compound (Figure 5) was 66% 
for the Z isomer, but only 8% for the E isomer. This should 
result in a more folded conformation for the Z-peptidomimetic 
compared to the corresponding E-peptidomimetic. Examination 
of all the model compound conformers supports that this is a 
good measurement of the actual geometry of the molecule. 
Therefore, this measure was also used to examine the other 
peptidomimetics from Table 2 by MCMM conformational 
searches. 
 To identify candidates with large geometric differences 
between their Z and E isomers, the results were evaluated as 
follows. For conformers with lowest energies, the probability of 
hydrogen bonding between the chains attached to the 
phototrigger was calculated. The conformations were then 
clustered, and each cluster was examined more thoroughly. 
This involved specifying the hydrogen bond acceptors and 
donors for both chains, followed by comparison of distances 
and angles to those atoms to identify all possibilities for 
hydrogen bonding. Boltzmann populations for every conformer 
were calculated, which then were used to estimate the total 
Boltzmann population for all conformers with hydrogen bonds. 
These populations were used as an approximate indicator of 
folded or extended conformation of the peptidomimetic. The 
procedure provides a useful measure of overall geometry for 
shorter peptidomimetics which essentially have two main 
geometries, folded or extended. However, it is less suitable for 
longer sequences that can adopt more complex geometries. 
Furthermore, since explicit solvent molecules were not included 
in the calculations, hydrogen bonding with the solvent is 
neglected, promoting intramolecular hydrogen bonds, although, 
since only the comparison between the two respective 
configurations is interesting, this error should be small.15  
 

Hydrogen bonding between chains.  

The probability of intramolecular hydrogen bonding is shown 
in Figure 6. Most of the Z isomers readily form hydrogen 
bonds, in contrast to a high variation in hydrogen bonding 
probability displayed by the E isomers (between 0 % - 95 %). 
Five peptidomimetics C1 – C5 are identified as having very 
different geometries between their isomers, with nearly all the 
conformers of the Z configuration forming hydrogen bonds, and 
almost no hydrogen bonding for E configuration conformers. 
 Qualitative inspection of the clusters indicated that the 
peptidomimetics with differing hydrogen bonding possibilities 
in Z and E configurations also have the most differing 
geometries. This supports the use of hydrogen bond 
probabilities as an indicator for the overall geometry of these 
peptidomimetics.  

 
Figure 6: Percentage of hydrogen-bonded terminal chains in the peptidomimetics 
selected from Table 3. Candidates with the largest differences in hydrogen bond 
probabilities are identified as C1 – C5. 

 

Enzyme docking 

To estimate binding possibilities of the five candidates C1 – C5 
with the RNR dimerisation site, enzyme docking with Glide 
was performed.

16
 Glide computes different poses for each 

inhibitor candidate (in Z and E configurations). For all five 
peptidomimetics, suitable docking poses for interaction with the 
enzyme could be identified. An example is shown in Figure 7.  

 

                       Z7                                 E7 
Figure 7: Above: The same view as in Figure 3. Residues coloured by type (blue: 
positive, red: negative, white: hydrophobic, pink: aromatic, yellow polar). 
Compound 7 docked to the dimerization site for the RNR R2 subunit. Each 
docking pose is shown above, Z to the left and E to the right.  The 
peptidomimetics are shown in gray (blue nitrogens, red oxygens).  

 
While the proposed method hardly can estimate actual affinity 
for the enzyme with good accuracy, it can predict whether the 
possibility of binding exists at all, or if some of the ligands 
have any flaws that makes it impossible for them to enter the 
binding site (e.g. steric hindrance). Since the five candidates C1 
– C5 could fit into the pocket, it seems they all have potential 
as inhibitors of the enzyme. An interesting fact can be observed 
in the docking results: In all five Z-peptidomimetics, the 
stilbene residue could bind into the deep hydrophobic pocket 
which normally accommodates the tryptophan residue in the C-

  0% 20% 40% 60% 80% 100%

Ac-Asp-Trigger-Asp-Phe-OH

Ac-Asp-Trigger-Phe-OH

Ac -Asp-Trp-Trigger-OH

Ac-Trp-Trigger-OH

Ac-Trigger-Asp-Trp-Asp-Phe-OH

Fmoc-Trigger-Trp-Asp-Phe-OH

Ac-Trigger-Trp-Asp-Phe-OH

Fmoc-Trigger-Asp-Phe-OH

Ac-Trigger-Asp-Phe-OH

Fmoc-Trigger-Phe-OH

Ac-Trigger-Phe-OH

Ac-Trigger-Glu-NHMe 
(Model compound)

Hydrogen bonding in peptidomimetics

 E  Z

C1

C2

C3

C4

C5
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terminal heptapeptide of R2. This interaction could not be 
observed with any of the E-peptidomimetics, since E-stilbene is 
too large to fit in this pocket. This suggests that the different 
isomers could have different inhibitory effect towards the 
enzyme. 
 Having established the relevancy of the computational 
screening method, three of the candidates for shorter druglike 
analogues of the C-terminal of heptapeptide R2 (Figure 8) were 
selected for synthesis and subsequent spectroscopic and 
biological evaluation. It is important to note that the results 
presented in Figure 6 only reflect the probability that the 
isomers are different in secondary structure. Therefore, the final 
selection was performed based on both the results from the 
conformational search and on rational consideration of 
structural characteristics. C1 was chosen as the shortest 
sequence which showed a clear difference in H-bond 
probability between the Z and E isomers. C2 was selected over 
C3 because of shorter chain length and consistency in amino 
acid residues. Finally, C5 was chosen as the longest sequence 
with a clear difference in secondary structure between isomers. 
Thus, the final set of candidates (C1, C2 and C5, hereafter 
referred to as 6, 7, and 8, respectively (Figure 8)) all contain the 
same natural amino acids and the peptide length is increased 
through the series.  	

6

7

8
 

Figure 8: Phototriggerable “drug like” peptidomimetic analogues of the C-
terminal heptapeptide unit of R2. 

 

Synthesis.  

Preparation of the E and Z isomers of compounds 6 – 8 
followed those used for 3  5. 
 

NMR studies of peptidomimetics.  
An attempt was made to spot any differences in the geometries 
of the peptidomimetics 6 – 8. However, nuclear Overhauser 

effects were only observed between vicinal protons. The 
peptidomimetics are probably too short and flexible to exist in 
any long lived conformations on the NMR timescale. Amide 
proton temperature coefficients were measured to identify NH 
hydrogen bonds.

17
 These figures (Table 4) indicate that none of 

the amide protons form hydrogen bonds in the E isomers, but 
that some do in the Z isomers. Interestingly, the NH protons 
that participate in hydrogen bonding are the ones that belong to 
the Asp-Phe peptide bond, as well as the trigger-NH in Z8. 
These results indicate that the peptidomimetics are more 
flexible in the E form than in the Z form, in agreement with the 
computational predictions. 
 
Table 4: Amide proton temperature coefficients of the 
peptidomimetics, reported as -dδ/dT in ppb/K. Figures that indicate 
hydrogen bonding (< 4.6 ppb/K) in bold. Solvent: DMSO-d6. 

 

Sequence Residue Z E 
Ac-Trigger-Phe-OH Trigger 4.87 5.58 

(6) Phe 5.68 6.23 
Ac-Trigger-Asp-Phe-OH Trigger 5.03 5.60 

(7) Asp 5.48 4.84 
 Phe 2.03 5.85 

Ac-Asp-Trigger-Asp-Phe-
OH Asp1 5.29 5.38 
(8) Trigger 4.37 5.81 

 Asp2 6.28 5.03 
 Phe 1.30 5.54 

 

Binding studies Method B 
The affinity of compounds 6 – 8 as binders to Mycobacterium 
tuberculosis RNR was evaluated using the same competitive 
fluorescence polarization assay as in Method A. However, 
instead of determining DC50 the dissociation constant KD2 for 
the interaction between a compound and the target enzyme was 
determined. The evaluation method was chosen in order to 
allow comparison to previously reported values from a 
screening study of small-molecule inhibitors for the same target 
enzyme.

7  
 This was done by first calculating the direct dissociation 
constant KD1 between the labelled heptapeptide and the enzyme, 
using the direct binding model ((1) in Figure 9). KD1 was 
evaluated to be 2.2 µM. With KD1 determined, it is possible to 
determine dissociation constant KD2 between our unlabelled 
compounds and the enzyme by applying the complete 
competitive model ((2) in Figure 10).   
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(1)

R + Ls + L(2)
KD1

RLs + L

R + Ls
KD1

RLs

RL + Ls

KD2

 
Figure 9: Direct binding model (1), and the complete competitive model (2). The 
following definitions are used: R, free enzyme; L, free unlabelled ligand 
(compounds 6 – 8); Ls, free labelled ligand (dansylated heptapeptide); KD1, 
dissociation constant between free enzyme and the probe; KD2, dissociation 
constant between free enzyme and compounds 6 – 8. 

 
Table 5: Binding affinity phototriggerable drug like derivatives 6 – 8. 

Calculated with KD1 = 2.2 µM.  
aRelative inhibition is presented as KD2(1)/KD2(x). b(KD2(E)- KD2(Z))/ KD2(Z) 
·100 %. 
 
 As observed with compounds 3 – 5, the introduction of the 
stilbene phototrigger makes all three peptides exhibit different 
bonding affinities in their respective isomeric forms. Although, 
the relative inhibition of both Z and E forms decreased in the 
shorter derivatives, the dissociation constants were still lower 
than those of previously reported peptide inhibitors of similar 
length.

7
 Unlike the case with the heptapeptide derivatives 3 – 5, 

but in accordance with the results from the computational 
docking studies, it is the Z form that has the higher binding 
potency towards the target protein.  
 

Conclusions 

 We have demonstrated that integrating a small 
phototriggerable unit into a known heptapeptide inhibitor for 
Mycobacterium tuberculosis RNR can enable modulation of its 
secondary structure to significantly affect its inhibitory potency. 
In two out of three cases, the E isomer was the better binder and 
one of these derivatives displayed a near 200 % higher affinity 
to the enzyme than the Z form. Introduction of the trigger at the 
N-terminal of the peptide also resulted in an increase in binding 
affinity. This suggests that interactions between the inhibitor 
and the aromatic residues at the R1 interaction site play an 
important role for binding, and is in accordance with previous 
findings.

7
 A set of small phototriggerable drug like inhibitors 

based on truncated sequences of the known peptide inhibitor 
have also been designed computationally, synthesized and 
evaluated for binding to Mycobacterium tuberculosis RNR. 
These derivatives demonstrate the reverse binding preference, 
where the Z isomers bind better than the E forms. It is likely 
that these shorter compounds can bind to the enzyme in a less 
specific conformation. The fact that a clear preference for one 
of the isomers still can be observed could be because the Z 
isomer more resembles the bound conformation when in 
solution. Despite showing weaker binding affinity than the 
heptapeptide inhibitors, they still bind tighter than 
corresponding peptides without the trigger.

7
 The results 

indicate that integration of a flexible stilbene based phototrigger 
into a peptide is a feasible approach for photomodulation of 
enzyme activity, since it has previously been shown that the 
catalytic activity of RNR can be inhibited by compound 
Ac-1.

7a
 It is also evident that the aromatic groups of the trigger 

have a significant impact on the affinity. Furthermore, this 
paper shows that interstrand hydrogen bond probability can be 
a useful guideline for predicting conformational preference in 
small inhibitor molecules. 
 

Experimental 

NMR spectra were recorded on Bruker AVANCE III (1H 600 
MHz, 13C 150MHz), Varian Unity Inova (1H 499.9 MHz, 13C 
125.7 MHz), Varian Unity (1H 399.5 MHz, 13C 100.6 MHz) or 
Varian Mercury Plus (1H 300.0 MHz, 13C 75.5 MHz) 
spectrometers. Chemical shifts are referenced indirectly to 
tetramethylsilane via the residual solvent signals (1H: CHCl3 at 
7.26, HDO at 4.79, DMSO-d5 at 2.49. 13C: CDCl3 at 77.0). 
Signal assignments were derived from 1H, 13C, COSY,

18 

P.E.COSY,
19

 TOCSY,
20

 gHSQC,
21

 gHMBC,
22

  NOESY
23 

and 
ROESY

24
 spectra. NMR spectra of peptidomimetics were 

recorded for DMSO-d6 solutions, both on pure E 
peptidomimetics and on a mixture of Z and E peptidomimetics. 
Amide proton temperature coefficients 
(T,high

_T,low)/(Thigh
_Tlow) were determined from series of 1H 

NMR spectra at 25, 50, 70 and 90 °C. Temperature coefficients 
are obtained as negative numbers, but are reported as positive 
values, in accordance with the accepted literature procedure.

17 

Amino acid analyses were performed at the Department of 
Chemistry, Biomedical Centre, Uppsala, Sweden, on 24 h 
hydrolyzates with an LKB 4151 Alpha Plus analyzer, using 
ninhydrin detection. Compounds 2 and 10 through 19 have 
been reported previously. See Supplementary for experimental 
details. Photochemical reactions were performed on DMSO-d6 
solutions under N2 gas flow using an Oriel 1000 W Xe ARC 
light source and a 300 nm Oriel UV filter for 1.5–5.5 h, with a 
conversion to the Z form of 70-80 %. Quantum yields were 
determined by using (E)-Stilbene (Ф = 0.45) as an 
actinometer.

25
 

   

Peptide Inhibition 
KD2 (µM) 

Relative 
inhibitiona 

Inhibition increase 
upon 

phototriggeringb 

Ac-1 8.3 1 - 

Fmoc-1 0.7 12 - 

6-E 23.9 0.35 57 % 
6-Z 15.2 0.55 
7-E 9.9 0.83 154 % 

7-Z 3.9 2.12 
8-E 8.2 1.01 55 % 
8-Z 5.3 1.57 
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Conformational analyses and docking studies 

All structures were built with Maestro 9.0.211 and all 
calculations were performed on these structures from the 
Maestro interface. Local energy minimisation of all structures 
was performed with MacroModel 9.7

26
 in Maestro with the 

OPLS 2005 force field with water as solvent using a water 
continuum solvation model. The minimisation method was 
PRCG with at most 10 000 steps. Conformational searches 
were performed with MacroModel on structures minimised to 
local minima as described above. The MCMM method

27
 with 

2000 steps per rotatable bond was used for searching the 
peptidomimetics. Minimisation conditions were the same as for 
local energy minimisation. The number of torsion rotations in 
each step was chosen randomly between 1 and N-1 (N is the 
number of rotatable bonds). The energy window for retaining 
structures was 21.0 kJ/mol and the criterion for considering 
structures to be similar was a maximum atom deviation of 0.5 
Å. All heavy atoms were used as comparison atoms. Parameters 
for conformational searches in the method evaluation are 
described in the supplementary material. Clustering of 
conformers was performed with XCluster on conformers 
superpositioned on the four central carbon atoms in the stilbene 
trigger. In some cases redundant conformer elimination was 
performed before clustering to reduce the number of input 
structures to less than 2 000. Atoms used for comparison by 
XCluster were chosen as all heavy atoms in the chains 
connected to the trigger, except for atoms equivalent to one 
another (e.g. oxygens in COO- groups). Structures were 
compared “in place”, without further superpositioning. The 
clustering level (i.e. how many clusters to form) was chosen to 
obtain a small number of clusters with reasonably similar 
structures in every group.

28
 Docking studies were performed 

using Glide 5.5.
16 The protein was prepared using the Protein 

preparation Wizard in Maestro using default settings. 
 

Peptide synthesis  

Peptides 3  8 were prepared manually or with automated 
peptide synthesizer (Pioneer, Applied Biosystems) by standard 
Fmoc-chemistry (9-fluorenylmethoxycarbonyl) on 0.1-0.2 
mmol scale. The solid phase used was 2-chlorotrityl chloride 
resin with 0.2 mmol g-1 or 0.50 mmol g-1 loading. The Fmoc 
amino acids were coupled in four-fold excess with HBTU (0.8 
M in DMF) and DIPEA (1 M in DMF) as activators. The Fmoc 
protecting group was deprotected by 20 % piperidine in DMF 
(v/v). Standard coupling times for the amino acids was 90 min, 
including capping with acetic anhydride after each step. The 
Fmoc protected stilbene derivative and the possible amino acids 
thereafter, were introduced manually to minimize excess using 
PyBop as activating agent (0.6M), a threefold excess of amino 
acid and allowing a coupling time of 120 min. Cleavage of the 
peptide was carried out in a mixture containing 
TFA/triethylsilane/H2O (95:2.5:2.5 v/v) for 3  1 h. The TFA 
was concentrated and the peptides were lyophilized prior to 
purification.   

Purification of peptides 3 – 5 was performed by preparative 
HPLC on a Gilson system (Gilson 231 XL Injector, 118 
UV/VIS detector, Gilson syringe pump, Gilson 333 and 334 
pumps and Gilson FC204) connected to a Grace Vydac C18 (22 
 250 mm, 5 µm) with a gradient of MeCN in 0.1 % aq TFA 
(20-60%, 60 min)  Purification of 6-8 was achieved on a 
preparative HPLC system with an ACE5 C18 column (150  
21.2 mm) using a gradient eluent of MeOH in water, with 
addition of 0.1 % formic acid, at a flow rate of 15 ml/min. The 
method of detection was UV absorbance at 215 and 300 nm. 
The collected fractions were analysed with LC-MS using a 
Chromolith Performance RP-18e column (4.6  100 mm), or 
by analytical HPLC using a Chromolith Performance RP-18e 
column (4.6  100 mm). The ESI-MS data were obtained with 
a Finnigan ThermoQuest AQA mass spectrometer (ESI 30 eV, 
probe temperature 100°C) equipped with a Gilson 322-H2 
gradient pump system. A water-MeCN-formic acid (0.05 %) 
mobile phase was used with a gradient of 20 % to 100 % 
MeCN during 3-5 minutes.  
 
E-H2N-Trigger-Glu-Asp-Asp-Asp-Trp-Asp-Phe-OH (3) (69 
mg, 57 µmol, 28%). MS (ESI, 30eV) m/z (%): 611.0 (100, 
[M+2H]2+), 1220.6 (30, [M+H]+). Amino acid analysis: 4.19 
Asp, 1.09 Glu, 1.07 Phe, 0.66 Trp. 
 
(Z-isomer, 4.7 mg of E-isomer was irradiated for 120 min to a 
43:57 Z:E mixture Ф= 0.20). 
 
E-Ac-Trigger-Glu-Asp-Asp-Asp-Trp-Asp-Phe-OH (4) (61 
mg, 48 µmol, 24%). MS (ESI, 30eV) m/z (%): 631. (100, 
[M+2H]2+), 1260.8 (10, [M+H]+). Amino acid analysis: 4.04 
Asp, 1.17 Glu, 1.11 Phe, 0.67 Trp. 
 
(Z-isomer, 4.2 mg of E-isomer was irradiated for 120 min to a 
44:66 Z:E mixture Ф= 0.18).  
 
E-Ac-Trp-Trigger-Glu-Asp-Asp-Asp-Trp-Asp-Phe-OH (5) 
(57 mg, 39 µmol, 20%). MS (ESI, 30eV) m/z (%): 724.2 (40, 
[M+2H]2+), 1447.7 (100, [M+H]+). Amino acid analysis: 4.30 
Asp, 1.06 Glu, 1.03 Phe, 1.61 Trp. 
 
(Z-isomer, 4.2 mg of E-isomer was irradiated for 120 min to a 
44:66  Z:E mixture  Ф= 0.16). 
 
E-Ac-Trigger-Phe-OH (6) (9.8 mg, 19 µmol, 19%).  1H NMR: 
(500 MHz, DMSO-d6) δ = 1.80 (s, 3H, CH3), 2.41 (t, J = 7.5 
Hz, 2H, CH2), 2.72 (m, 3H, CH2, CH2), 2.85 (dd, J = 14.0, 9.3 
Hz, 1H, Phe-Hβ), 3.03 (dd, J = 14.0, 5.2 Hz, 1H, Phe-Hβ), 3.29 
(dt, J = 7.5, 7.5 Hz, 2H, CH2), 4.43 (ddd, J = 9.3, 8.2, 5.2 Hz, 
1H, Phe-Hα), 7.04 (d, J = 7.5 Hz, 1H, ArH), 7.11 (d, J = 7.5 Hz, 
1H, ArH), 7.18 (m, 3H, ArH), 7.21 (2 AB-d, , 2H, HC=CH), 
7.25 (m, 3H, ArH), 7.29 (t, J = 7.5 Hz, 1H, ArH), 7.43 (m, 4H, 
ArH), 7.94 (t, J = 7.5 Hz, 1H, Trigger-NH), 8.19 (d, J = 8.2 Hz, 
1H, Phe-NH). 
Z-isomer: 5.2 mg of E-isomer was irradiated for 330 min to 
afford a 70:30 Z:E mixture, Ф= 0.25; δ = 1.76 (s, 3H, CH3), 
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2.27 (dd, J = 8.8, 6.4 Hz, 2H, CH2), 2.57 (m, 3H, CH2, CH2), 
2.83 (m, 1H, Phe-Hβ), 3.03 (m, 1H, Phe-Hβ), 3.15 (ddd, J = 8.0, 
7.2, 5.5 Hz, 2H, CH2), 4.29 (m, 1H, Phe-Hα), 6.57 (2 AB-d, , 
2H, HC=CH), 7.05 (m, 12H, ArH), 7.44 (dm, J = 7.6 Hz, 1H, 
ArH), 7.83 (br s, 1H, Phe-NH), 7.92 (t, J = 5.5 Hz, 1H, Trigger-
NH).  
MS (ESI, 30 eV) m/z (%): 485.5 (100, [M+H]+). 
 
E-Ac-Trigger-Asp-Phe-OH (7) (4,1 mg, 6.83 µmol, 7%). 1H 
NMR: (500 MHz, DMSO-d6)  δ =1.80 (s, 3H, CH3), 2.42 (m, 
3H, Hβ-Asp, CH2), 2.64 (dd, J = 16.3, 5.9 Hz, 1H, Hβ-Asp), 
2.72 (t, J = 7.5 Hz, 2H, CH2), 2.80 (t, J = 7.5 Hz, 2H, CH2), 
2.91 (dd, J = 13.7, 7.6 Hz, 1H, Hβ-Phe), 3.02 (dd, J = 13.7, 5.3 
Hz, 1H, Hβ-Phe), 3.30 (dt, J = 7.5, 5.6 Hz, 2H, CH2), 4.40 (ddd, 
J = 8.3, 7.6, 5.3 Hz, 1H, Hα-Phe), 7.11 (d, J = 7.7 Hz, 2H, ArH), 
7.21 (m, 7H, ArH), 7.22 (2 AB-d, 2H, HC=CH), 7.40 (m, 4H, 
ArH),  7.63 (ddd, J = 8.3, 7.4, 5.9 Hz, 1H, Hα-Asp), 7.92 (d, J = 
8.3 Hz, 1H, NH-Phe), 7.94 (t, J = 5.6 Hz, 1H, NH-Trigger), 
8.16 (d, J = 8.3 Hz, 1H, NH-Asp). 
 
Z-isomer: 2.5 mg of E-isomer was irradiated for 240 min to 
afford a 72:28 Z:E mixture, Ф= 0.20; δ = 1.76 (s, 3H, CH3), 
2.31 (m, 3H, Hβ-Asp, CH2), 2.59 (t, J = 7.4 Hz, 1H, CH2), 2.68 
(m, 3H, Hβ-Asp, CH2), 2.92 (m, 1H, Hβ-Phe), 2.99 (m, 1H, Hβ-
Phe), 3.19 (dt, J = 13.0, 6.4 Hz, 2H, CH2), 4.19 (m, 1H, Hα-
Phe), 4.56 (ddd, J = 7.4, 7.4, 7.4 Hz, 1H, Hα-Asp), 6.58 (2 AB-
d, 2H, HC=CH), 7.17 (m, 12H, ArH), 7.45 (m, 1H, ArH), 7.69 
(br s, 1H, NH-Phe), 7.97 (t, J = 6.4 Hz, 1H, NH-Trigger), 8.01 
(br s, 1H, NH-Asp). 
MS (ESI, 30 eV) m/z (%): 600.5 (100, [M+H]+). 
 
E-Ac-Asp-Trigger-Asp-Phe-OH (8) (4.3 mg, 6.02 µmol 7%). 
1H NMR: (500 MHz, DMSO-d6) δ = 1.82 (s, 3H, CH3), 2.41 
(m, 4H, Hβ-Asp1, Hβ-Asp2, CH2), 2.59 (dd, J = 16.0, 5.7 Hz, 
1H, Hβ-Asp1), 2.63 (dd, J = 16.0, 5.1 Hz, 1H, Hβ-Asp2), 2.71 
(t, J = 7.2 Hz, 2H, CH2), 2.79 (t, J = 7.9 Hz, 2H, CH2), 2.91 (dd, 
J = 14.0, 8.0 Hz, 1H, Hβ-Phe), 3.02 (dd, J = 14.0, 5.1 Hz, 1H, 
Hβ-Phe), 3.28 (dt, J = 7.2, 5.6 Hz, 2H, CH2), 4.36 (ddd, J = 8.0, 
7.4, 5.5 Hz, 1H, Hα-Phe), 4.51 (ddd, J = 8.0, 7.4, 5.7 Hz, 1H, 
Hα-Asp1), 4.60 (ddd, J = 8.0, 7.4, 5.1 Hz, 1H, Hα-Asp2), 7.10 
(d, J = 7.3 Hz, 2H, ArH), 7.20 (m, 7H, ArH), 7.21 (2 AB-d, 2H, 
HC=CH), , 7.42 (m, 4H, ArH), 7.87 (d, J = 7.4 Hz, 1H, NH-
Phe), 7.92 (t, J = 5.6 Hz, 1H, NH-Trigger), 8.11 (d, J = 8.0 Hz, 
1H, NH-Asp1), 8.17 (d, J = 8.0 Hz, 1H, NH-Asp2). 
 
Z-isomer: 2.3 mg of E-isomer was irradiated for 330 min to 
afford a 81:28 Z:E mixture, Ф=0.18; δ = 1.81 (s, 3H, CH3), 2.43 
(m, 4H, Hβ-Asp1, Hβ-Asp2, CH2), 2.54 (m, 4H, Hβ-Asp1, Hβ-
Asp2, CH2), 2.63 (m, 2H, CH2), 2.92 (m, 1H, Hβ-Phe), 3.01 (m, 
1H, Hβ-Phe), 3.12 (m, 2H, CH2), 4.21 (m, 1H, Hα-Phe), 4.52 
(m, 2H, Hα-Asp1, Hα-Asp2), 6.58 (2 AB-d, 2H, HC=CH), 7.15 
(m, 12H, ArH), 7.42 (m, 1H, ArH), 7.67 (br s, 1H, NH-Phe), 
7.96 (br s, 1H, NH-Trigger), 8.13 (m, 2H, NH-Asp1, NH-
Asp2). 
MS (ESI, 30 eV) m/z (%): 715.4 (100, [M+H]+). 
  

Binding assay (3  8)  
 
The synthesis of the fluorescent probe was carried out on solid 
phase using Fmoc/t-Bu protection scheme. The fluorescent 
probe high throughput screening (FT-HTS) of 3  8 was 
performed with a 2102 EnVision multilabel plate reader 
(PerkinElmer). Corning Costar 384-well black plates were used 
for the assay. To each well was added 200 nM R1, 50 nM 
dansylated heptapeptide, inhibitors (in the concentration range 
from 10 to 100 µM) and the reaction buffer (0.05 % Triton x-
100, 10 mM NDSB195 and 5 mM Hepes pH 7) to a final 
reaction volume of 50 µl. The mixture was incubated for 2 min 
at room temperature. Exitation was done with polarized light 
with a wavelength of 333 nm at room temperature, and 
detection of the emission was done at 518 nm. Fluorescence 
polarization was calculated according to the function FP = (I=

 - 
I┴)/(I=

 + I┴) where I=
 and I┴ is the intensity of the emitted 

parallel and vertical beam.  
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Peptidomimetic inhibitors with photomodulable affinity for the R1 - R2 subunit association site 
of a bacterial ribonucleotide reductase were designed based on the R2-subunit C-terminal. 

 

Page 12 of 12Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t


